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This study aims to develop and validate a compact, integrated lab-on-sensor system 
for simultaneous measurement of strain, temperature and corrosion-induced mass loss in 
steel structures and concrete reinforcement elements in order to assess their life-cycle 
performance. The sensing system operates based on the principle of long period fiber 
gratings (LPFG) that are responsive to both thermal and mechanical deformation, and the 
change in refractive index of any medium surrounding the optical fiber. To fabricate a 
LPFG sensor for strain and temperature measurement, a CO2 laser aided fiber grating 
system was assembled. To enable mass loss measurement, a low pressure chemical vapor 
deposition (LPCVD) system was built to synthesize a graphene/silver nanowire composite 
film as flexible transparent electrode for the electroplating of a thin Fe-C layer on the curve 
surface of a LPFG sensor. Together with two LPFG sensors in LP06 and LP07 modes for 
simultaneous strain and temperature measurement, three Fe-C coated LPFG sensors were 
multiplexed and deployed inside three miniature, coaxial steel tubes to measure critical 
mass losses through the penetration of tube walls and their corresponding corrosion rates 
in the life cycle of an instrumented steel component. A Fe-C coated LPFG sensor was 
submerged in a NaCl solution and calibrated for stress corrosion cracking under three strain 
levels. The corrosion mechanism of the Fe-C layer was investigated and the distribution of 
cracks (width, length and spacing) were characterized and correlated with the wavelength 
change of the sensor. Thermal, loading and accelerated corrosion tests were conducted to 
validate the functionality, sensitivity, accuracy, and robustness of the proposed sensing 
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Corrosion is a natural process that gradually destructs metal through 
chemical/electrochemical reaction with its environment. The reaction gradually converts 
the metal into a chemically stable form, such as oxide, hydroxide and sulfide, which 
undermines its mechanical strength [1, 2]. In civil engineering, structures are often exposed 
to the environment that accelerates the corrosion process of steel rebar [3]: 1) deicing salt, 
seawater and moisture to form electrolytes for electrochemical reactions; 2) chloride ion, 
CO2 and sulfur contamination from the atmosphere to destroy the passivation film formed 
on the steel surface; and 3) tension stress/fatigue induced cracks that increase the contact 
area and penetration depth during the corrosion process.  
Figure 1.1 presents the 2018 report on the percentage of structurally deficient 
bridges in the United States by the American Road and Transportation Builders 
Association (ARTBA). Specifically, more than 47,000 (7.6%) bridges are in poor condition 
and in need of maintenance. Among them, corrosion induced deterioration of steel 
structures and steel rebar in concrete structures is the No.1 reason for bridge maintenance, 
repair or replacement. It accounts for approximately $10B per year direct costs and 10 
times more indirect costs.  In the coming years, maintenance and construction costs 
associated with transportation infrastructure will continue to increase as the nation’s 
bridges approach or exceed their design lifespan. 
Therefore, corrosion monitoring in civil engineering is essential for the evaluation 




Figure 1.1 Percentage of structurally deficient bridges in the United States 
 
for maintenance strategy development. Corrosion monitoring can also help understand how 
the corrosion process develops, which will enhance the corrosion prevention and protection 
design of metal structures. The corrosion process is compounded by the strain induced by 
traffic and extreme loads, and daily and seasonal temperature change. These factors can 
exist either simultaneously or separately. It is thus important to develop a new technique 
that can monitor these parameters at the same time. 
1.2. STATE-OF-ART DEVELOPMENT OF CORROSION MONITORING 
1.2.1. Indirect Methods. Indirect methods usually focus on the measurement of 
some corrosion related parameters. It is easy to conduct the tests but the accuracy is 
compromised. 
1.2.1.1. Visual inspection. Visual inspection [4] is the first technique that has been 
used to monitor corrosion process. Images obtained from a camera include such 
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information as corrosion dimensions, positions and types. Different corrosion types are 
defined based on the appearance of the inspected area, as shown in Figure 1.2 [4]. 
 
 
Figure 1.2 Corrosion types based on appearance 
 
Visual inspection in combination with algorithm analysis [5] was recently proposed 
to further quantify the process of corrosion. As shown in Figure 1.3, a Weak-classifier 
Color-based Corrosion Detector (WCCD) utilized the data from image pixels and set an 
energy threshold to analyze the corrosion levels of the taken images [5]. 
 
 
Figure 1.3 Corroded areas detected by WCCD for different energy thresholds 
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1.2.1.2. Electrochemical method. Electrochemical technique has been widely 
used in corrosion monitoring especially for reinforced concrete (RC) structures. In most 
cases, electrochemical sensors were installed during the construction of RC structures. 
Open circuit potential, concrete resistivity, galvanic current, polarization resistance and 
moisture are the most used parameters in corrosion evaluation [6]. 
Open circuit potential (OCP) is the potential difference between a working 
electrode and a reference electrode with no external load. As illustrated in Figure 1.4 [6], 
the concrete acts as an electrolyte and a potential is developed in the steel rebar based on 
the concrete characteristics. Although the OCP test is easy to setup, the method is 
controversial since the condition of concrete such as moisture and chloride ion 
concentration may affect the measurement and lead to inaccurate OCP results. Besides, the 
OCP value indicates the probability of corrosion occurrence only; it is hard to correlate 
with the actual corrosion rate. 
 
 
Figure 1.4 Schematic setup for OCP measurement 
 
Concrete resistivity (ρ) or conductivity is the fundamental property of concrete that 
quantifies how strongly it resists or conducts the flow of electric current. Both direct current 
(DC) and alternating current (AC) are used to determine the resistivity of concrete. 
Measurement is taken through an external electrode and the embedded electrode on steel 
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rebar [3]. Similar to the OCP method, the concrete resistivity measurement also depends 
on the property of concrete itself and the environment condition. Although the concrete 
resistivity can be correlated to the corrosion rate under specific conditions, there is no 
consensus in the research community. 
Polarization resistance (Rp) represents a ratio of the polarization potential 
(typically on the order of ±10mV with respect to the open circuit potential between the 
work electrode and the reference electrode) and the current induced to flow between the 
working and counter electrodes. This resistance can be used to find the corrosion rate of 












  (1.1) 
where βa and βc represent the anodic and cathodic Tafel constants, respectively, and icorr is 
the corrosion current. 
There are two major limitations of the polarization resistance method: 1) the 
corrosion process is assumed to be uniform, which underestimates pitting corrosion by a 
5~10 time lower corrosion rate; 2) since the surface area of the working electrode (rebar) 
is much higher than the counter electrode, the electrical signal will be lost as their distance 
increases.  
1.2.1.3. Ground penetration radar (GPR). The GPR technique is based on the 
propagation of an electromagnetic (EM) wave in concrete. An EM wave is first sent into 
the concrete structure and part of the wave energy will be reflected back at the interface 
with two different dielectric constants. The propagation and reflection of the EM wave 
depends on the dielectric permittivity of the concrete, which is a function of temperature, 
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moisture, chloride ion concentration and corrosion level. Figure 1.5 [2] shows a 3D GPR 
scan of a concrete slab with different rebar corrosion levels. 
 
 
Figure 1.5 3D GPR scan of a concrete slab 
 
1.2.1.4. Infrared thermography. Based on the heat transfer property of concrete, 
infrared thermography (IRT) has proven a useful method to detect concrete corrosion. 
Temperature, moisture, alkali aggregate reaction (AAR) and corrosion can cause abnormal 
temperature distribution. Figure 1.6 shows the scan result of a concrete cylinder with 10% 
corrosion [2]. Although the IRT technique can provide accurate thermal results, the 
measurement is often qualitative since many factors affect the distribution of heat. 
 
 
Figure 1.6 Infrared thermography scan of a concrete cylinder section 
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1.2.1.5. Fiber optic sensors. Fiber optic sensors have been used to measure the 
corrosion-induced strain or the moisture that causes corrosion [7]. For example, a chelating 
polymer coated LPFG sensor was developed to monitor moisture variations during the 
corrosion process under a simulated field environment [8]. The moisture measurement was 
an indication of the corrosive environment. Similarly, an azobenzene gel coated Fiber 
Bragg Grating (FBG) sensor was applied to measure corrosion products induced strains in 
steel rebar when confined in concrete [9]. The FBG sensor was also applied directly around 
the steel rebar using super glue to measure the angular strain during the corrosion process 
as the volume of steel rebar expanded [7,10]. Extrinsic Fabry-Perot Interferometer (EFPI) 
was used to monitor the corrosion induced tensile strain in steel reinforced concrete beams. 
Correlations were established between the mass loss of steel rebar and the EFPI measured 
strain [11]. For distributed fiber optic sensors, Brillouin sensing technique was applied for 
corrosion expansion measurement of steel rebar in concrete by a fiber optic foil winding 
method [12]. The winding fiber optic measured the corrosion induced strain along the steel 
rebar surface through the Brillouin frequency shift. Compared to moisture measurements, 
strain measurements are more desirable for their more direct connection to corrosion 
products. However, an FBG sensor for strain measurements has a significantly decreasing 
sensitivity over time, which could be attributed to factors other than corrosion, such as the 
confinement of surrounding concrete and the interfacial properties. The EFPI sensor 
requires a highly accurate alignment between two fiber end surfaces to obtain robust fringe 
visibility and it can only measure one-directional strain. However, the strain distribution 
induced by corrosion in concrete is stochastic and the sensitivity of the signal decreases 
significantly over time. The Brillouin distributed fiber optic sensor can measure the strain 
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distribution more precisely, but the correlation between the measured strain and the steel 
mass loss is still indirect. 
1.2.2. Direct Method. Direct approaches to assess the corrosion induced mass loss 
of steel were developed recently. In 2012, nano iron and silica particles were mixed with 
polyurethane and coated on the surface of a long period fiber gratings (LPFG) sensor to 
monitor the change in sensor resonant wavelength [13]. However, the particle size, 
uniformity of coating thickness, coating transparency and coating-fiber adhesive were less 
controllable. To improve these issues, a 0.8 µm thick inner layer of silver (for its 
conductivity) was deposited on the LPFG surface to electroplate a 20 µm thick outer layer 
of Fe-C materials (as a corrosion medium) on the sensor[14]. Since the Fe-C layer has the 
same chemical component ratio as the steel rebar, the corrosion induced mass loss can be 
directly measured through the sensor output. Although promising, its sensitivity and 
service life were limited by the low transparency and low silver-glass bonding of silver 
layer, respectively. To mitigate these issues, a thin, conductive, yet transparent film is 
required. 
1.3. RESEARCH OBJECTIVES AND THE SCOPE OF WORK 
To address the above issues, an integrated sensor will be developed and validated 
for direct and simultaneous measurement of strain, temperature and corrosion induced 
mass loss. Due to its compact size, immunity to EMI, and low cost, fiber grating sensors 
are appealing in civil engineering. Thus, this study aims to: 1) Fabricate LPFG sensors for 
multi-parameter measurement; 2) Improve the sensitivity and service life of Fe-C coated 
LPFG corrosion sensors by replacing the previously used silver film with a more 
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transparent yet conductive material such as graphene; 3) Calibrate the sensors through 
electrochemical tests and correlate the resonant wavelength shift with the corrosion 
induced mass loss; 4) Investigate the corrosion sensor performance under various strain 
conditions in in-situ applications; and 5) Develop and validate an integrated sensor system 
for simultaneous measurement of strain, temperature, and corrosion threshold and rate in 
long term. To achieve these objectives, eight research tasks are designed and planned as 
follows: 
1. Assemble a CO2 laser aided fiber grating system to fabricate long period 
gratings with a specific resonant wavelength in different cladding modes, which 
largely depends on the power and pulse duration of the laser as well as the 
grating period. 
2. Assemble a low pressure chemical vapor deposition (LPCVD) system to 
synthesize large area monolayer graphene as a transparent electrode for 
electroplating of a thin Fe-C layer on the curve surface of an optical fiber.  
3. Develop a graphene and silver nanowire (Gr/AgNW) composite film to further 
improve conductivity and mechanical strength, and characterize its optical 
transmittance, sheet resistance and the contact resistance between the AgNW 
and graphene. 
4. Develop a standard operation procedure to transfer as-grown graphene and 
silver nanowire (Gr/AgNW) on the curve surface of an optical fiber and 
electroplate a Fe-C layer on it. 
5. Conduct a 72-hr corrosion test in 3.5 w.t.% NaCl solution with Electrochemical 
Impedance Spectroscopy (EIS) and transmission spectra recording to calibrate 
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the Fe-C mass loss with the optical signal (resonant wavelength and attenuation) 
shift. 
6. Investigate the sensor performance under various strain conditions and modify 
the correlation between mass loss and resonant wavelength shift for future in-
situ application. 
7. Design an integrated sensor of three coaxial steel tubes to protect inside LPFG 
sensors from potential damage in application and establish corrosion thresholds 
in life-cycle monitoring of steel structures, two LP06 and LP07 LPFG sensors for 
simultaneous strain and temperature measurement, and three Fe-C coated LPFG 
corrosion sensors for mass loss rate measurement after the corrosion induced 
penetration of each steel tube. 
8. Validate the performance of an integrated sensor system for strain, temperature, 
and mass loss measurement with an accelerated corrosion test of rebar under 
constant and varying current density to illustrate its feasibility, sensitivity, 
accuracy and service life in application setting. 
1.4. ORGANIZATION OF THIS DISSERTATION 
This dissertation consists of seven sections. Section 1 briefly introduces corrosion 
process and issues in civil infrastructure, literature review on direct and indirect corrosion 
monitoring techniques, and research objectives and tasks of this dissertation.  
Section 2 focuses on the general wave propagation theory in optic fiber waveguide 
and, in particular, the coupled core-cladding mode theory for long period fiber gratings. 
The CO2 laser aided fiber grating system for LPFG fabrication is introduced and the 
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sensing principle and capability of LPFG sensors for strain, temperature and refractive 
index sensing are discussed.  
Section 3 introduces the preparation of a thin graphene/silver nanowire (Gr/AgNW) 
composite film. To this end, a low pressure chemical vapor deposition (LPCVD) system is 
designed and assembled to grow graphene on a copper foil substrate. Procedures to transfer 
graphene onto the curve surface of an optic fiber are proposed and tested. Optical 
transmittance, electrical conductivity, Raman spectroscopy and stiffness of the Gr/AgNW 
thin films with various AgNW concentrations are characterized to optimize the composite 
films for desirable corrosion sensor design.  
Section 4 illustrates the electroplating of a Fe-C layer on the surface of a Gr/AgNW 
coated LPFG corrosion sensor. Procedure of the sensor fabrication is introduced and a 72- 
hr corrosion test in 3.5 w.t % NaCl solution is conducted with the electrochemical 
impedance spectroscopy (EIS) and transmission spectra recording through optical 
interrogator. Three groups of tests are conducted for repeatability and reliability 
consideration. Correlation between the resonant wavelength and attenuation shift in optical 
spectra and the mass loss percentage of the Fe-C layer is established via the corrosion rate 
obtained from the EIS results and the Faraday Law conversion.  
Section 5 investigates the sensor performance under various strain levels. Three 
strain levels (500, 1000 and 1500 με) are applied on each sensor for a 72-hr corrosion test. 
Scanning Electron Microscopy (SEM) images are taken to analyze the crack distribution 
on the electroplated Fe-C layer. Correlations between the resonant wavelength shift and 
mass loss are established under various strain levels. A modified equation is obtained from 
the test results to provide a more accurate mass loss estimation.  
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Section 6 introduces an integrated sensor for long-term corrosion monitoring and 
simultaneous measurement of temperature and strain. Three steel tubes with the same 
lengths but different diameters are made from a piece of steel rebar so that their corrosion 
process is representative to that of the steel rebar. One Fe-C coated LPFG corrosion sensor 
is placed inside of each steel tube for protection. More importantly, the penetration of each 
steel tube wall provides a critical stage of corrosion in application, enabling the integrated 
sensor for life-cycle corrosion monitoring. Two bare LPFGs with different LP modes are 
placed in the inner tube for simultaneous temperature and strain measurement. The mass 
loss correlation between the tube and rebar is calibrated under different current densities 
and rebar lengths. Accelerated corrosion tests with constant and varying current densities 
are conducted. Section 7 summarizes the results and conclusions of this work and discusses 
the direction of future studies. 
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2. THEORY AND FABRICATION OF LONG PERIOD FIBER GRATING 
SENSORS 
2.1. BACKGROUND 
Long period fiber gratings (LPFG) is a light loss element with the refractive index 
of a fiber core periodically modulated [15]. Spaced in the order of hundred microns, the 
LPFG couples forward-propagating light from the core into various cladding modes and 
generates a series of attenuating bands in the transmission spectrum. The resonant 
wavelength of a cladding mode is proportional to the grating period and the difference in 
effective index between the core and the cladding. The effective index of the cladding 
largely depends on the indices of the core, the cladding and the surrounding medium of an 
optical fiber [16]. Therefore, compared to FBG sensors for strain, temperature and pressure 
measurement, a LPFG sensor has the unique capability of monitoring the ambient 
refractive index change, which extends its application into chemical, environmental, 
biological and other related fields.  
In this section, the general theory of optic fiber waveguides and the coupled mode 
theory of a LPFG are discussed first. The linear polarization (LP) cladding modes are 
introduced with a weakly wave guiding approximation. The procedure to obtain the 
transmission spectrum of a LPFG is discussed. A CO2 laser-based fiber grating system to 
fabricate LPFG sensors is then introduced. Two LPFG sensors in LP06 and LP07 modes are 
fabricated using the grating system. Applications of the LPFG sensors in strain, 
temperature and refractive index sensing are introduced. The sensitivity difference of the 




2.2. WAVE THEORY OF A STEP-INDEX OPTIC FIBER 
To study the wave theory and coupled mode theory, a three-layer step-index optic 
fiber model is firstly established [17]. As shown in Figure 2.1, a1 and a2 are the radius of 
the core and cladding, respectively; n1, n2 and n3 are the refractive indices of the core, 
cladding and the surrounding medium, respectively.  
 
 
Figure 2.1 A three-layer step-index optic fiber model 
 
A cylindrical coordinate system is used to define the space of the optical fiber. The 
z-axis is set along the length of the fiber while r and θ define each point in cross section of 
the fiber. The electromagnetic field in the optical fiber can be expressed into the electric 
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in which t denotes time, j is an imaginary unit, and ω and β represents the frequency and 
propagation constant in z direction, respectively. By substituting Equation (2.1) into the 










1 1 [ ( , ) ] 0





E E E k n r E
r r r r
H H H k n r H





      
  
      
  
  (2.2) 
The refractive index of an axially symmetric fiber is independent of the angle 𝜃. 
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The modes in the optic fiber are referred to TE modes when Ez=0, TM modes when 
Hz=0, and hybrid modes when Ez≠0 and Hz≠0 [17]. By applying the corresponding 
conditions, equations for the three modes can be obtained. 
2.2.1. TE Modes. When Ez=0, the following equations can be obtained from 





1 [ ( ) ] 0z z z
H H nk n r H
r r r r
     
 









[ ( ) ]
[ ( ) ]
[ ( ) ]
1








k n r r
j HE
k n r r
HjH
k n r r
HjH



















  (2.5) 
  
16
Considering the boundary condition at r=a1, the tangential field components Hz and 
𝐻ఏ  should be continuous. Thus, the integer n=0 and the azimuthal dependency in the TE 
modes ப
ப஘
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The solutions for Equation (2.9) can be the 0th order Bessel function 𝐽଴(𝜅𝑟) and the 0th 
Neumann function 𝑁଴(𝜅𝑟). Since the 𝑁଴(𝜅𝑟) diverges at r=0, the 𝐽଴(𝜅𝑟) is the proper 
solution. Similarly, the proper solution for Equation (2.10) is the second order modified 
Bessel function 𝐾଴(𝜎𝑟) [20]. 
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The dispersion equation can be obtained [21]: 
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where J1 and K1 are the first order derivative of the Bessel functions. Therefore, the 
electromagnetic field in the TE mode can be expressed as [17]: 
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2.2.2. TM Modes. When Hz=0, similar to the derivation procedure for the TE 
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By applying the boundary condition and the Bessel function as the proper solution, 
the electromagnetic fields of the TM mode are [17]: 
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2.2.3.  Hybrid Modes. In hybrid modes, both Ez and Hz are not zero. Therefore, the 
solutions for the Equation (2.2) contain the product of the nth-order Bessel functions and 
cos(nθ + Ψ) or sin(nθ + Ψ). By applying the boundary condition, recurrence relation of 
the Bessel function, the final expressions of the electromagnetic fields are: 
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2.2.4. Linear Polarization Mode. Let a normalized refractive index difference 
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For commercialized single mode fibers, Δ ≪ 1. They are referred to as weakly guiding 
fibers [22][23]. The wave function analysis of a weakly guiding fiber can be simplified into 
a weak guiding approximation. The results under this approximation are designated as 
linear polarization (LP) modes [17]. For TM modes, the dispersion equation can be 
obtained after the approximation as: 
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which is the same as the rigorous dispersion equation of the TE modes.  
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The first equation represents the EH mode and the second is for the HE mode. The 
following approximation can also be derived: 𝑠ଵ ≅ 𝑠  and 𝑠ଶ ≅ 𝑠 . When n ≥ 2 , the 
dispersion equation for the HE modes is: 
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Table 2.1 summarizes the dispersion equations for TE, TM and hybrid EH and HE modes 
under the weakly guiding approximation [17]. In this table, n and l are the mode orders in 
the azimuthal and radial directions, respectively. Moreover, l represents the lth solution of 
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the dispersion equation. Considering the similarity between the LP modes in Table 2.1, a 
new parameter m is introduced and defined by: 
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Table 2.1 Dispersion equations under weakly guiding approximation 
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Figure 2.2 shows the relation between the LP modes and conventional modes and the 
electric field vectors and intensity profiles in three groups: LP01(HE11), LP11(TE01, TM01, 
HE21) and LP21(EH11, HE31). 
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2.3. COUPLE MODE THEORY OF LPFG 
Based on the wave theory in an optic fiber, only one fundamental mode can be 
transmitted though the core of a single mode fiber. However, there are many modes in the 
cladding region. In the ideal optic fiber waveguide, different modes are orthogonal so that 
the energy in each mode is stable. In the LPFG, the modulation in refractive index of the 
core will cause the coupling effect between the fundamental mode and the cladding modes 
and thus transfer the energy between the modes [15]. 
 
 
Figure 2.2 Electric field vectors and intensity profiles of the LP modes and conventional 
modes 
 
In the three-layer step-index optic fiber model, the effective refractive index of the 
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where 2 21 1 2(2 / )V a n n    is the normalized frequency,
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normalized effective refractive index, and 𝑛௘௙௙௖௢  is the effective refractive index of the 
fundamental mode. 
The dispersion equation to determine the effective refractive index of the cladding 
mode is [16,22]: 
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By solving Equation (2.29), hundreds of cladding modes and their effective 
refractive indices can be obtained. In order to obtain the resonant wavelength of each 
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The phase match condition of the fundamental mode and the forward propagating mode is: 
 0 2jco cl
  

  (2.33) 
where Λ  is the grating period, 𝛽௖௢  and 𝛽௖௟
଴௝  are the propagating constants of the 
fundamental mode in core and the jth order cladding mode, respectively. Therefore, the 
resonant wavelength of LP0j mode is [16]: 
 ,0( )co cl jres eff effn n      (2.34) 
For a given optic fiber, the effective index of the core will not change with the outer 
environment or the deformation of the fiber itself. However, the effective index of the 
cladding will change with the surrounding medium according to Equation (2.30). 
Therefore, for a LPFG sensor, the capability of sensing the refractive index change comes 
from the parameter 𝑛௘௙௙
௖௟,଴௝. 
2.4.  TRANSMISSION SPECTRA OF LPFG 
2.4.1. Energy Distribution in Fundamental and Cladding Mode. The energy 
distribution of the fundamental mode in the core can be approximated by [22]: 
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where z represents the axial direction of the fiber, 01coE  represents the normalized constant 
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0 0 0/ 337Z      is the electromagnetic impedance in vacuum. 
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For a single mode fiber, the energy distribution of the cladding mode exists in the 
core, cladding and surrounding medium of the fiber. The electric and magnetic components 
of the first order cladding mode can be expressed into: 
In the core of the optical fiber: 
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In the cladding of the optical fiber: 
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In the surrounding medium of the optical fiber: 
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where 
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2.4.2.  Coupling Constant and Coefficient. Coupling coefficient luvK  is the 
parameter that represents the coupling level between two different modes induced by the 
refractive index disturbance. It is related to another parameter called the coupling constant 
uvk  [22]: 
 2( )[1 cos( )]luv uvK k z m z
 

  (2.42) 
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where m is the fringe visibility of the refractive index modulation. The coupling coefficient 
01 01
co cok   of the fundamental mode and 01cl colvk   between the fundamental mode and the cladding 
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where ( )z  is the envelope of the refractive index change along the z direction. 
2.4.3. Coupling Equation of LPFG. The equation describing the coupling effect 
between the fundamental mode and the cladding mode can be expressed into [22, 25]: 
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where coA  is the amplitude of the forward propagating fundamental mode, clvA  is the 
amplitude of the vth order cladding mode, 01cl colv   represents the demodulation between the 
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When the following boundary condition of LPFG is assumed, 
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For each wavelength, the transmission rate T  is: 








  (2.49) 
The procedure of calculating a transmission spectrum of LPFG is: 
1. Set the basic parameters of an optical fiber: refractive index n1, n2, and n3; core 
and cladding radius a1 and a2; grating period  ; fringe visibility m of the 
refractive index modulation; the index change envelope ( )z ; normalized 
refractive index difference 1 2 1( ) /n n n   ; normalized frequency 
2 2
1 1 2(2 / )V a n n   ; and grating length L N  . 
2. Solve the effective refractive index of the core and cladding using Equation 
(2.28) and (2.29). Then obtain the propagating constant and resonant 
wavelength. 
3. Calculate the energy distribution in the core, cladding and surrounding medium 
through Equation (2.37 - 2.41). 
4. Obtain the coupling constant 01 01co cok   and 01cl colvk   from Equation (2.43). 
5. Solve the coupling equations, (2.44) and (2.45), and then using Equation (2.49) 
to get the transmission rate at each wavelength. 
Figure 2.3(a) schematically illustrates the coupling effect from the forward 
propagating fundamental mode into the cladding mode of LPFG and Figure 2.3(b) is the 
simulated transmission spectrum of the LPFG in a SMF28 optical fiber with four resonant 




Figure 2.3 Electromagnetic wave: (a) LPFG mode coupling and (b) a simulated 
transmission spectrum with attenuation bands in LP02, LP03, LP04 and LP05 modes 
2.5.  CO2 LASER AIDED FIBER GRATING SYSTEM 
To fabricate a LPFG sensor, gratings are inscribed in the core of an optical fiber 
periodically. Inscription methods such as acid etching, acoustic wave and electric arc have 
been developed to fabricate LPFG sensors [27]. For a more accurate and faster inscription, 
a CO2 laser aided fiber grating system is developed for this study. The grating system 
mainly contains a laser pulse inscription device and a high-resolution fiber movement 
mechanism. The laser output power and pulse duration are correlated to the refractive index 
modulation in the fiber core. Accuracy of the fiber movement determines the grating period 
and quality of the LPFG sensor. 
Figure 2.4 shows the CO2 laser aided fiber grating system. It consists of a CO2 laser 
source, a laser beam delivery system, a 3-axis manual linear stage, a single-axis motorized 
linear stage, controllers, a high speed optical interrogator and a laptop computer. A laser 
source of 40 W is used for grating inscription with the output power tuned at 11.4 W and 




Figure 2.4 The CO2 laser grating system: (a) schematic illustration and (b) prototype 
 
The beam delivery system contains a 3 times beam collimator and a ZnSe 
cylindrical lens to modulate the beam shape from a circular spot to a 90μm wide and 200μm 
long elliptical shape. As illustrated in Figure 2.5, the narrow elliptical shape of the laser 
beam improves the quality of gratings since it creates a small heat affected zone [27]. The 
3-axis manual linear stage is used to adjust the distance between the fiber and the lens to 
meet the 25.4 mm focal length requirement. The single-axis motorized linear stage controls 
the horizontal movement of the fiber between two consecutive laser inscriptions so that 
various grating periods can be achieved. The laser and motorized stages are controlled by 
a customized MATLAB code via each controller connected to the computer to adjust the 
laser pulse duration and grating period. 
 
 
Figure 2.5 Illustration of the optical path through a cylindrical lens 
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The grating procedure of a LPFG sensor can be summarized as follows: 
a) Strip off 5 cm polymer coating on a SMF 28 optical fiber and clean it in a 
supersonic bath of isopropanol for 5 min. 
b) Fix the cleaned fiber with two holders on the linear stage and connect the fiber 
to an optical interrogator. 
c) Start the laser system and run the customized code in MATLAB to initiate the 
grating process. The MATLAB code controls the laser duration and grating 
period. The linear stage moves one step for each grating period with a resolution 
of 0.1 µm. 
d) Stop the laser and motorized stage once the attenuation of the LPFG 
transmission spectrum is 30 dB as illustrated in Figure 2.6 for a typical LP06 
mode. At a resonant wavelength of 1553 nm, the grating period for the LP06 
mode is approximately 351 µm. To keep the same resonant wavelength (1553 
nm), the grating period for LP07 mode is approximately 303 µm. 
 
 
Figure 2.6 Transmission spectrum of a CO2 laser fabricated LPFG sensor 
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2.6. APPLICATIONS OF LPFG SENSORS 
Based on Equation (2.34), the resonant wavelength of a LPFG is determined by the 
grating period Λ and the difference between the effective refractive indices of fiber core 
and cladding (𝑛௖௢ − 𝑛௖௟
଴௝). Therefore, each LPFG can potentially be used for two types of 
sensors based on: 1) the change in grating period due to strain (elongating or bending 
effect), temperature, and pressure [8, 15, 28–30]; and 2) the change in refractive index of 
surrounding medium, such as pH, liquid level, optical transparency, and corrosion of metal 
coating [1, 8, 13-14, 26, 28, 31–35]. 
2.6.1.  Temperature Sensor. The sensitivity of a long period fiber grating sensor 




,( ) ( )
co cl jm
eff eff co cl jres
eff eff
dn dnd dn n
dT dT dT dT
        (2.50) 
The wavelength shift of the LPFG temperature sensor consists of two parts. The first part 
is due to the thermal-optical effect on the change of refractive indices, d𝑛௘௙௙௖௢ /dT =ξୡ୭𝑛௘௙௙௖௢  
and d𝑛௘௙௙
௖௟,௝ /dT=ξୡ୪𝑛௘௙௙
௖௟,௝ , where ξ௖௢ and ξ௖௟ are the thermal-optical coefficients of the core 
and cladding, respectively [36]. The second part is due to the thermal expansion of gratings, 
dΛ/dT=α𝑇, where α is the thermal expansion coefficient of the optic fiber. The higher the 
LP mode when m<12, the higher the sensitivity to the change in temperature while the 
attenuation at resonant wavelengths remains nearly unchanged [37-40]. Figure 2.7 
illustrates this point using LP06 (Λ=351 μm) and LP07 (Λ=303 μm) modes. Specifically, 
the temperature sensitivity of a LPFG sensor is 0.1 nm/°C for the LP06 mode and 0.15 




Figure 2.7 Resonant wavelength shift with temperature change for LP06 and LP07 modes 
 
2.6.2.  Strain Sensor. Similar to the temperature sensor, the sensitivity of a LPFG 
strain sensor can be expressed into: 
 
,
,( ) ( )
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d d d d

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where d𝑛௘௙௙௖௢ /dε =ηୡ୭𝑛௘௙௙௖௢  and d𝑛௘௙௙
௖௟,௝ /dε=ηୡ୪𝑛௘௙௙
௖௟,௝  represent the photoelasticity effect on the 
fiber core and cladding, and ηୡ୭ and ηୡ୪ are their corresponding coefficients, respectively. 
dΛ/dε represents the axial elongation of the fiber. Like the temperature sensor, the higher 
the LP mode when m<12, the higher the sensitivity of a strain sensor [37-38]. As shown in 
Figure 2.8, the strain sensitivity of the LPFG sensor is 498.1 nm/ε for the LP06 mode and 
997.6 nm/ε for the LP07 mode. Due to significantly different sensitivities to temperature 
and strain effects, the LP06 and LP07 modes in a single LPFG sensor can be used to 
discriminate both temperature and strain in application. 
 
 
Figure 2.8 Resonant wavelength shift with strain change in LP06 and LP07 modes 
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2.6.3.  Refractive Index Sensor. Since the effective refractive index of the 
cladding 𝑛௘௙௙
௖௟,௝  is partially determined by the refractive index of the surrounding medium, 
LPFG has been widely used as a refractive index sensor to measure various parameters [16, 
22]. For example, bare LPFG sensors were designed to measure pH, liquid level, and 
chloride ion concentration. Figure 2.9 shows two transmission spectra of the LPFG sensor 
(LP06 mode) with a grating period of 351 μm in air and water. Since air and water have 
refractive indices of 1 and 1.33, the resonant wavelength of the LPFG shift from 1553 nm 
in air to 1545 nm in water. The total wavelength shift is 8 nm.  
 
 
Figure 2.9 Transmission spectra of the LPFG sensor in air and water 
 
Figure 2.10 shows the wavelength shift of the LP07 LPFG sensor with a grating 
period of 303 μm with the increase of chloride concentration in NaCl solution. For every 
3.5% increase in chloride concentration by weight, the resonant wavelength shifts for 1 
nm. Even so, bare LPFG sensors cannot provide accurate measurement results in 
biological, chemical and environmental applications since the change in refractive index 




Figure 2.10 Resonant wavelength shift of LP07 LPFG versus NaCl concentration 
2.7. SUMMARY 
The general wave propagation theory in an optical fiber waveguide, the specific 
couple mode theory of long period gratings, the CO2 laser aided fiber grating system and 
potential applications of LPFG sensors are introduced and discussed in this section. Based 
on the analysis, simulation, and experiment, the following conclusions can be drawn: 
1. Dispersion equations to understand the coupling effect between the 
fundamental mode in core and various cladding modes were formulated 
analytically from the wave propagation theory and the couple mode theory. The 
transmission spectrum of a LPFG sensor can be simulated by solving the related 
equations numerically. 
2. The CO2 laser fiber grating system was designed and assembled for LPFG 
fabrication. By adjusting the grating period, both LP06 and LP07 modes of the 
LPFG can be produced and observed within the wavelength bandwidth of a 
typical interrogator. 
3. The resonant wavelength of a LPFG sensor is proportional to the period of 
gratings inscribed on the fiber core and the difference between the effective 
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refractive indices of the core and cladding. As such, LPFG sensors can be used 
to measure both thermomechanical effects (due to strain and temperature) and 
electrochemical effects (due to biological, chemical, and environmental 
changes).  
4. The higher the LP mode, the higher the temperature (or strain) sensitivity of a 
LPFG sensor. Since LP06 and LP07 modes have significantly different 
sensitivities for temperature and strain measurements, a single LPFG sensor in 
the LP06 and LP07 modes can be used to discriminate both temperature and strain 
from one transmission spectrum as will be discussed further in Section 6. 
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3.  FABRICATION AND CHARACTERIZATION OF GRAPHENE/SILVER 
NANOWIRE COMPOSITE FILMS 
3.1.  BACKGROUND 
As discussed in Section 1, a Fe-C layer can be deposited via electroplating on the 
surface of a LPFG sensor with silver coating for corrosion monitoring of the Fe-C layer. 
Once properly designed, the Fe-C layer represents a metal element in engineering 
applications such as steel structures or steel reinforcement in concrete structures. Due to 
high reflectivity of the silver coating, the light emitting from the optical fiber to the Fe-C 
layer is reduced substantially. As a result, both the sensitivity and the service life of such a 
LPFG sensor are undermined. To address this issue, a flexible thin film with optical 
transparency and electrical conductivity must be developed to allow transmitting of the 
light energy from the optical fiber and increase the film adhesion on the curve surface of 
the optical fiber. The later consideration is important for a robust Fe-C electroplating 
process. 
Transparent conductive film (TCF) has attracted increasing attention in the past 
decades in sensor, actuator, optical device and touchscreen applications [42–44]. The most 
commonly used TCF in industry is a compound of indium, tin, and oxide (ITO). It is 
optically transparent in the visible light range and electrically conductive [45,46]. However, 
ITO has a few drawbacks: 1) like all other TCFs, compromise must be made between the 
transparency and conductivity since increasing charge carriers and the thickness of the ITO 
will reduce transparency, 2) the synthesis and deposition process of a thin ITO layer 
requires physical vapor deposition (PVD) such as sputtering, which is expensive and 
energy intensive, and 3) the ITO layer is so brittle that it cannot be used as a flexible film. 
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Conductive polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: 
PSS) is an alternative material for TCF [47]. It is less expensive, flexible and 
environmentally friendly. However, its conductivity is lower than the inorganic materials. 
Graphene is a two-dimensional material that consists of single layer carbon atoms 
in hexagonal lattice. It has attracted much attention since it was produced from graphite in 
lab through the mechanical exfoliation method [48–51]. Due to its excellent optical, 
electrical, mechanical and thermal properties, graphene is an ideal material for TCF in 
many applications such as flexible touchscreen, organic light emitting diode (OLED), 
chemical sensor, soft robotics, actuators and biological devices [42-43, 52–58]. In order to 
achieve industry-scale production, various graphene synthesis methods were developed by 
researchers [59–64]. Among them, the chemical vapor deposition (CVD) technique is the 
most effective method due to its robust, large area monolayer graphene production [65–
70]. It is based on the chemical decomposition of carbon precursor gas under high 
temperature and deposition of the carbon atom on the metal catalyst surface such as copper 
(Cu) and nickel (Ni). Methane (CH4) is firstly used as the carbon precursor gas since it will 
decompose into carbon and hydrogen as the temperature exceeds 1000 °C. Other 
hydrocarbon compound gases such as acetylene have also been selected as precursor 
[63,71]. In the liquid phase, alcohol has proven a feasible precursor for graphene growth 
not only on a metal but also on a glass substrate. However, all the hydrocarbon gas and 
alcohol are flammable and expensive. Furthermore, the CVD process requires vacuum and 
high temperature. Therefore, the safety and energy cost are some of the main factors that 
limit the large-scale production of graphene. Recently, soybean oil as the precursor for 
graphene growth under ambient pressure has been proposed and similar quality of the 
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produced graphene compared with the low pressure chemical vapor deposition method has 
been achieved [65].  
Although the theoretical properties of graphene are fascinating, as-grown graphene 
on metal catalyst (Cu, Ni) through the CVD process has intrinsic disorders at grain 
boundaries induced by the metal recrystallization under high temperature (>1000 °C) [72]. 
As shown in Figure 3.1 [66], the atomic orientation of the polycrystalline graphene layer 
is not continuous at the grain boundary. Thus, the integrity and conductivity of graphene 
can be compromised. In addition, the wet and dry transfer process as well as the electrical 
bubbling can introduce defects, cracks and wrinkles on a graphene layer, which will further 
reduce the electrical conductivity and mechanical strength of as-grown graphene.  
 
 
Figure 3.1 Polycrystalline graphene: (a) atomistic model (different colors and numbers 
represent different crystal orientations) and (b) zoom-in grain boundary 
 
Recently, a silver nanowire (AgNW) network has been embedded between two 
graphene layers to form a Gr/AgNW/Gr sandwich-structure composite [34, 43, 45-46, 67–
70]. The proposed composite has excellent electrical conductivity and optical transmittance. 
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In particular, the electrical conductivity of the composite remains stable after more than 
20,000 bending cycles, which indicates its robust mechanical strength and flexibility [77]. 
Moreover, the encapsulation of the two graphene layers can prevent the AgNW from 
oxidization, thus making the composite stable in long term [71]. 
Figure 3.2 shows the procedure for Gr/AgNW composite fabrication [74]. AgNW 
fibers are first placed on top of a substrate such as silicon, PET or glass. The PMMA/Gr 
layer is then transferred on top of the AgNW. Finally, the PMMA layer is dissolved on 
acetone bath to have a final product of Gr/AgNW. A similar procedure can be repeated 
with slight modification to form a Gr/AgNW/Gr composite or more layers of composite on 
the substrate. Although the Gr/AgNW/Gr composite shows excellent properties, there are 
three main technical challenges in applications. First, the bottom substrate for composite 
fabrication reduces the optical transmittance, electrical conductivity and mechanical 
flexibility. In such applications as battery, transparent electrode and biological devices, 
free stand Gr/AgNW/Gr film is essential to achieve the required functions. Second, the 
interfacial bonding mechanism between the AgNW and graphene layers remains unknown, 
which is critical for mechanical modeling and performance analysis. Third, the potential 
correlation between the composite properties and AgNW concentrations has not been 
studied, which is necessary to optimize the design of the composite structure. 
 
 
Figure 3.2 A schematic view of the Gr/AgNW fabrication procedure 
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In this section, a low pressure chemical vapor deposition (LPCVD) system is first 
introduced and assembled for graphene growth. A wet transfer method of graphene using 
a PMMA substrate from a copper foil to the target substrate is then discussed. To study the 
property of the Gr/AgNW/Gr composite, a vacuum annealing method is proposed to obtain 
both free stand two-layer graphene and Gr/AgNW/Gr composite suspended on TEM grids. 
AgNW concentration from 0.2 to 1.0 mg/ml is applied to the composite in parametric study. 
The average spacing of the AgNW network is measured through SEM images and its 
correlation with concentration is established. Optical transmittance at 550 nm and sheet 
resistance of the composite are characterized and compared with the two-layer graphene. 
AFM indentation is conducted to determine the stiffness of both two-layer graphene and 
composites with various AgNW concentrations. 
3.2.  THE LPCVD SYSTEM FOR GRAPHENE GROWTH 
Figure 3.3 shows the LPCVD system used to grow graphene in this study. As shown 
in Fig. 3.3(a), following the direction of gas flow, the LPCVD system consists of a few gas 
cylinders, a mass flow controller, a quartz tube chamber, a high temperature furnace, a 
vacuum gauge, a pressure control valve, and a vacuum pump. CH4 gas is used as the carbon 
source precursor, H2 is the reduction gas and Ar (Argon) is the protection gas. All the gases 
are flowed into the chamber by the mass flow controller with an accuracy of 0.1 sccm 
(standard cubic centimeter per minute). The quartz tube chamber is high-temperature 
resistant and heated to 1030 °C during the chemical reaction. The pressure control valve 
and the vacuum pump are designed to adjust the pressure level in the chamber. Figure 3.3(b) 




Figure 3.3 The LPCVD system: (a) schematic illustration and (b) laboratory prototype 
 
The procedure for graphene growth is summarized below: 
1. Cut a copper foil (125 µm in thickness) into the 10cm×2cm size, clean it with 
deionized water, acetone, isopropanol with a wash bottle, and immerse it into 
the 99.9% acetic acid for 24 hrs. This step is to remove the oxides and organic 
contaminations on the copper surface. 
2. Put the cleaned copper foil into the quartz tube and move the copper foil to the 
center of the heat zone, seal the two ends of the quartz tube with metal collars 
and rubber O-rings. 
3. Open the main valve and apply the vacuum. Check the pressure from the gauge 
reading to ensure below 30 mTorr in the vacuum. 
4. Flow 5 sccm H2 and 5 sccm Ar into the chamber through the mass flow 
controller. The pressure should be controlled under 100 mTorr. 
5. Turn on the furnace to anneal the copper foil for 30 min. at 1030 °C. 
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6. Flow 5 sccm CH4 for 10 min. As shown in Figure 3.4, graphene flakes will start 
to grow gradually on the copper surface and expand to an integrated graphene 
layer eventually. The darker lines indicate the grain boundary induced by the 
recrystallization of the copper under the high temperature. 
7. Turn off the furnace and let the whole system cool down to room temperature. 
Turn off all the gases and close the vacuum pump. 
 
 
Figure 3.4 Graphene growth process on the copper foil 
3.3.  WET TRANSFER OF AS-GROWN GRAPHENE ON COPPER SHEET 
To utilize the unique properties of graphene as a transparent, conductive, flexible 
film, the graphene layer must be transferred from the copper foil to a target substrate. 
Methods such as electrical bubbling, wet transfer and mechanical dry transfer have been 
proposed [35, 59, 64, 66-67, 78–82]. Among them, the wet transfer method introduces less 
contaminations and defects, which in turn provides a higher quality graphene layer at the 
completion of the transfer process.  
As shown in Figure 3.5, the wet transfer method includes the following steps: 
1. Mix the poly methyl methacrylate (PMMA, Mw=996,000) into chlorobenzene 
solution with a concentration of 40 mg/mL and stir the mixture for 10 hrs to 
fully dissolve the PMMA [81]. 
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2. Fix the copper foil with as-grown graphene on the silicon wafer using a Kapton 
tape and drop the PMMA/chlorobenzene solution onto it. Spin coat the sample 
at 4000 rpm for 30 sec. 
3. Heat the sample at 150 °C for 5 min. to evaporate the chlorobenzene. 
4. After cooling down to room temperature, the sample floats on the copper 
etchant for 4 hrs to dissolve the copper foil. 
5. Clean the PMMA/Graphene film with deionized water and transfer it onto the 
target substrate. 
6. Heat the transferred sample at 60 °C to fully evaporate the residual water and 
then increase the temperature to 180 °C to flatten the PMMA/Graphene layer. 
7. Put the sample in the acetone bath for 2 hrs to eliminate the PMMA layer. 
 
 
Figure 3.5 Procedure to transfer the as-grown graphene onto a target substrate 
3.4.  VACUUM ANNEALING METHOD FOR SUSPENDED Gr/AgNW/Gr 
COMPOSITE FABRICATION 
To study the properties of Gr/AgNW/Gr composites, the free stand samples need 
to be fabricated first using the vacuum annealing method. As illustrated in Figure 3.6, the 
vacuum annealing method is described below: 
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1. Spin coat a PMMA layer on the as-grown graphene on a copper foil at 4000 
rpm for 30 sec. 
2. Float the PMMA/Gr/Cu on the copper etchant for 2 hrs to etch away the bottom 
copper foil. 
3. Wash the PMMA/Gr film in deionized water twice and flip it over to make the 
graphene layer on the top. 
4. Transfer the Gr/PMMA film on the TEM grid and apply the AgNW on the top. 
5. Transfer another PMMA/Gr film on the top of the sample. 
6. Put the sample in the CVD chamber at 380 °C for vacuum annealing in 30 min. 
to evaporate the PMMA layer. After the annealing process, a suspended 
Gr/AgNW/Gr film is obtained on the TEM grid. A similar procedure can be 
followed to get the free stand two-layer graphene without adding the AgNW. 
 
 
Figure 3.6 Schematic procedure of the suspended Gr/AgNW/Gr composite synthesis 
3.5.  CHARACTERIZATION OF THE Gr/AgNW/Gr COMPOSITE 
3.5.1.  Silver Nanowire Average Spacing. Figure 3.7 shows the SEM images of 
the two-layer graphene and Gr/AgNW/Gr composites with different AgNW concentrations. 
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Since the nanowires are randomly distributed between two graphene layers, the average 
AgNW spacing is determined. Multiple measurements of the AgNW spacing were taken 
and averaged to obtain the average spacing value. As shown in Figure 3.8, the average 
spacing decreases linearly from 4.2 µm to 1.5 µm with increasing AgNW concentrations. 
 
 
Figure 3.7 SEM images of (a) two-layer graphene, (b)~(f) Gr/AgNW/Gr composite with 
an AgNW concentration of 0.2, 0.4, 0.6, 0.8, 1.0 mg/ml 
 
 
Figure 3.8 AgNW average spacing with different concentrations 
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3.5.2. Optical Transmittance. Figure 3.9 shows a three-layer model of the thin 
film composite. It is introduced to characterize the optical transmittance of the composite. 
The wavelength of the light source is 550 nm, which is significantly larger than the AgNW 
diameter (~30 nm). Therefore, the diffraction effect on the AgNW and interference 
between two graphene layers are negligible. The total optical transmittance T can be 
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Figure 3.9 A three-layer model of the thin film composite 
 
The transmittance of graphene is TG = 97% in monolayer, and TG = 93% in two 
layers. Table 3.1 lists the transmittance of the AgNW network, calculated and measured 
values of the composite with five different AgNW concentrations. All the transmittances 
Graphene AgNW
Incident Transmitted
Light, 𝐼଴ Light, I
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decrease with the increasing AgNW concentration. The proposed model fits the measured 
values well with a maximum error of 6%. 
 














0.2 87.7% 82.5% 85.7% 4% 
0.4 86.6% 81.5% 80.6% 1% 
0.6 85.0% 80.6% 79.1% 2% 
0.8 83.5% 80.1% 77.6% 3% 
1.0 79.3% 78.6% 73.7% 6% 
 
3.5.3.  Sheet Resistance. The sheet resistance of the composite RS is determined by 
three components: sheet resistance of the graphene layer RG, sheet resistance of the AgNW 
network RA, and contact resistance RC between the graphene and the AgNW network. As 
shown in Figure 3.10, three types of contact conditions between the AgNW network and 
graphene layer are defined based on their contact geometry. The sheet resistances of these 
three conditions (no contact, normal contact, and full contact) can be expressed by: 
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  (3.4) 
The sheet resistance value RG for monolayer graphene is about 275 Ω. The AgNW 





Figure 3.10 Three circuit models of the composite sheet resistance 
 
of no contact and full contact conditions were then calculated using Equation (3.2) and 
(3.4). The sheet resistances of the composite were measured through the Four-Point method. 
The calculated and measured sheet resistances are compared in Figure 3.11(a). It can be 
seen from Figure 3.11(a) that the measured sheet resistance of the composite is between 
the upper and lower values calculated from the no contact and full contact models. 
Therefore, the normal contact model is appropriate to represent the average contact 
condition of the Gr/AgNW/Gr composite. 
 
 
Figure 3.11 Performance of three circuit models: (a) sheet resistances of no and full 
contact with the measured sheet resistance of the normal contact condition in between, 
and (b) calculated contact resistances with different AgNW concentrations  
 
Based on the measured sheet resistances of the composite, the contact resistances 
with different AgNW concentrations can be calculated from Equation (3.3) and shown in 
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Figure 3.11(b). The nonlinear regression analysis was conducted for the sheet resistance 
RS and the contact resistance RC to establish their functions of the AgNW concentration ϕ: 
 3 2 2137.5 534.3 735.6 382,   0.98SR R          (3.5) 
 3 2 22410 5920 4883.8 1384.2,   0.96CR R          (3.6) 
The measured sheet resistances of the AgNW network and the Gr/AgNW/Gr 
composite and the calculated contact resistance with five AgNW concentrations are listed 
in Table 3.2. Similar to the optical transmittance, all values decrease with increasing 
AgNW concentrations. 
 
Table 3.2 Comparison of the calculated and measured sheet resistance 
 
3.5.4.  Atomic Force Microscope Indentation. Atomic force microscope (AFM) 
is an effective tool to measure the stiffness of thin film samples. As shown in Figure 3.12, 
the AFM consists of a cantilever beam, a probe attached at the free end of the cantilever 
beam, a laser, and a photodiode to measure the deflection of the cantilever beam. When the 
stiffness of the cantilever is known, the force between the probe and the sample can be 













0.2 453 255.1 625.5 
0.4 305 164.7 221.7 
0.6 135 102.9 67.6 
0.8 79.9 65.3 30.1 




Figure 3.12 Schematic illustration of the AFM 
 
To determine the stiffness of the two-layer graphene and Gr/AgNW/Gr composites 
with various AgNW concentrations, indentation on the sample using the force mode was 
conducted. A total displacement of 8 nm was indented on the sample at the tip and the 
corresponding force was recorded accordingly. Stiffness of the cantilever is 0.3 N/m and 
the diameter of the tip is 0.3 µm. Figure 3.13 shows the SEM images of the tip with some 
residual composite material after indentation. 
 
 
Figure 3.13 SEM images of the tip after indentation 
 
Figure 3.14 shows the measured force-displacement curve of each sample. It can 
be seen that the stiffness increases with the AgNW concentration. Table 3.3 lists the 
stiffness of each sample calculated from the curve. The stiffness of the two-layer graphene 
increases from 468.8 N/m with no AgNW to 1201.9 N/m with 0.4 mg/mL AgNW 
concentration. After 0.6 mg/mL in AgNW concentration, the stiffness becomes stable at 
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the level of approximately 2,200 N/m. This asymptotical value corresponds to the saturated 
bonding between the AgNW network and the graphene layer. 
 
 
Figure 3.14 Force-Displacement curves of the two-layer graphene and Gr/AgNW/Gr 
composites 
 
Table 3.3 Stiffness of the Gr/AgNW/Gr with various AgNW concentrations 
Concentration 
 (mg/ml) 0 0.2 0.4 0.6 0.8 1.0 
Stiffness  
(N/m) 468.8 716.5 1201.9 2259.7 2135.1 2157.1 
 
3.5.5.  Raman Spectroscopy. Figure 3.15 shows Raman spectra of the two-layer 
graphene and the Gr/AgNW/Gr composite. The Raman shift at D, G, D’, 2D peaks and the 
intensity ratio of IG/I2D are listed in Table 3.4. The higher intensity at D peak in the 
composite spectrum indicates the increasing disorder level of the sp2 hybridization in the 
AgNW network between the two graphene layers. Besides, the localized vibration mode of 
AgNW slightly splits the D’ peak from the original G peak [79]. The IG/I2D ratio is 
commonly used to determine the number of graphene layers [51, 67]. Since both samples 




Figure 3.15 Raman spectra of the two-layer graphene and the Gr/AgNW/Gr composite 
 










Two-layer Gr 1319 1573 NA 2629 0.93 
Gr/AgNW/Gr 1327 1582 1615 2642 0.98 
3.6.  SUMMARY 
In this section, Gr/AgNW/Gr composites have been investigated as a TCF to 
facilitate the fabrication process of corrosion sensors with LPFG. The LPCVD system is 
used for graphene growth and a vacuum annealing method is proposed to fabricate the 
suspended composite for characterization. A few conclusions can be drawn as: 
1. The assembled LPCVD system and the wet transfer method proved to be 
effective in growing graphene and transferring a graphene layer onto the target 
substrate. 
2. The vacuum annealing method can satisfactorily produce the suspended 
Gr/AgNW/Gr composite and two-layer graphene for accurate stiffness 
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characterization. The average spacing of the AgNW fibers decreases linearly 
from 4.2 µm with 0.2 mg/ml AgNW concentration to 1.5 µm with 1.0 mg/ml 
AgNW concentration. 
3. The Gr/AgNW/Gr composite is characterized for optical transmittance, sheet 
resistance, and stiffness. To view their trends together, all the characterized 
parameters are normalized with their respective value of the two-layer graphene 
with no AgNW. Figure 3.16 shows the normalized values of all the parameters. 
Table 3.5 lists all the values. From 0.2 to 1.0 mg/ml of AgNW concentration, 
the optical transmittance and the sheet resistance reduce from 100% to 79% and 
16% of the original two-layer graphene value. The stiffness of the composite 
increases at first and then becomes stabilized after 0.6 mg/ml with an 
asymptotical value of 4.6 times higher than the two-layer graphene stiffness. 
 
     
Figure 3.16 The stiffness, optical transmittance and sheet resistance of the Gr/AgNW/Gr 
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4. ULTRASENSITIVE LPFG CORROSION SENSOR WITH GRAPHENE-
BASED FE-C ELECTROPLATING 
4.1.  BACKGROUND 
As previously discussed, LPFG is a robust element to sense the refractive index 
change of its surrounding medium. In chemical and biological monitoring [26,33,34,83], 
however, the capability of a LPFG sensor is limited since the refractive index of its 
surrounding medium changes little as corrosion environment, chemical reaction process or 
DNA/RNA concentration changes [26]. In this case, the change in refractive index can be 
amplified through an application of reagents such as iron oxidization during the corrosion 
process and organic polymer reaction in different levels with various DNA/RNA 
concentrations. For example, by coating a functional layer on the LPFG, both the 
application range and sensitivity of the sensor are improved.  
To obtain a robust coating on the fiber surface for sensing, four conditions must be 
met: 1) the coating must cover the entire grating region (e.g., 4 cm), 2) the coating thickness 
must be uniform to ensure a homogeneous stimulation layer for sensing, 3) the coating 
thickness must also be sufficiently thin within the evanescent field range near the surface 
of the LPFG for required sensitivity, and 4) the bond between the coating and the optic 
fiber must be strong enough to avoid potential separation. To date, spin coating and dip 
coating are the most commonly used and the easiest way to form a thin layer on the target 
fiber surface. A premixed solution is either dropped on the fiber or poured into a container 
so that a fiber can be immersed in the solution. By controlling the speed of spinning or 
fiber movement, the thickness of the coating can be adjusted. However, it is difficult to 
control the coating thickness at nanometer level due to the speed and adhesion limitation. 
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Sputtering is a physical vapor deposition (PVD) method designed to eject particles 
from a target material and deposit on the surface of a working fiber. Based on the way that 
the particles are excited, electrical, chemical, potential and etching sputtering processes are 
the four main types of method. The coating thickness can be easily controlled under 100 
nm. Evaporation is another PVD coating technique utilizing heat or e-beam to vaporize the 
particles. Compared to the sputtering methods, the evaporation technique results in a 
coating layer of similar thickness yet lower density since evaporation provides lower 
energy. 
For steel corrosion monitoring, the electrochemical reaction of steel with its 
environment is the most essential process and the refractive index of steel will change as 
corrosion takes place [32]. Therefore, an iron/carbon layer with the same component ratio 
as the steel material needs to be coated on the LPFG surface for corrosion induced mass 
loss measurement [13]. Electroplating technique is a robust and easy-to-control method to 
deposit a metal coating layer on the target surface. Recently, a specially designed 
electroplating solution has been developed to produce a Fe-C coating layer that has the 
same chemical component ratio as the raw steel in corrosion studies [14]. In order to utilize 
this method, the LPFG surface must be conductive to ensure that the electroplating process 
takes place.  
Figure 4.1 shows a schematic view of the silver-based LPFG corrosion sensor. First, 
a silver film was coated on the LPFG surface via sputtering [14]. An Fe-C layer was then 
electroplated on the silver-coated LPFG to complete a corrosion sensor. By controlling the 
thickness of the silver film and the Fe-C layer, the evanescent field surrounding the LPFG 
can penetrate the Fe-C layer and thus be changed/interfered with the corrosion process. As 
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a result, the refractive index of the Fe-C coated LPFG sensor can change significantly and 
be monitored through the resonant wavelength change of the LPFG. 
 
 
Figure 4.1 Schematic illustration of a silver-based Fe-C coated LPFG corrosion sensor 
 
As shown in Figure 4.2(a) [14], the transmission spectra of the Fe-C coated LPFG 
shift during the corrosion process due to the change in refractive index of the Fe-C coating. 
Figure 4.2(b) shows both the resonant wavelength and transmission changes with time of 
the corrosion test. By applying the EIS test, the corrosion rate change versus time can be 
obtained and the correlation between the optical parameters (resonant wavelength and 
transmission) and the mass loss of the Fe-C layer can be established as detailed in Section 
4.5. Even though the Fe-C coated LPFG is promising in corrosion monitoring, two 
application issues need to be addressed: 1) the sensitivity and service life of the LPFG 
sensor is undermined since the high reflective rate of the silver film reduces the total light 
energy penetration through the Fe-C layer, and 2) the silver film oxidizes with time after 
sputtering, which affects the electroplating process of the Fe-C. Therefore, the silver layer 
needs to be replaced by other conductive materials that are transparent with slow or no 
oxidization. As discussed in Section 2, Gr/AgNW/Gr is an ideal option for this purpose to 




Figure 4.2 Change of (a) transmission spectra over 24 hrs and (b) resonant wavelength 
and transmission of the Fe-C coated LPFG sensor in a 3.5 wt. % NaCl solution over time 
 
In this section, the Gr/AgNW/Gr composite as a transparent and conductive film is 
applied to enhance the measurement performance (sensitivity and service life) of a Fe-C 
coated LPFG sensor for corrosion-induced mass loss in the Fe-C layer. Due to the high 
curvature of an optical fiber (125 µm in diameter), a random attachment of the 
Gr/AgNW/Gr composite to the curve surface of the LPFG poses a challenge since the 
intrinsic length of silver nanowires (100~200 µm) is in the same order as the diameter of 
the optical fiber, potentially causing air-entrapment and weak interfacial bonding. The 
solution proposed in this study is to create a vacuum space between the Gr/AgNW/Gr film 
and the LPFG sensor so that they are adhered to each other under external atmospheric 
pressure to provide sufficient adhesion required during the electroplating process of Fe-C 
layer. In addition, a copper wire (0.127 mm in diameter) is used to connect the 
Gr/AgNW/Gr coated fiber surface and the cathode of electroplating. The connection 
between the copper wire and the Gr/AgNW/Gr layer is key to a successful electroplating 
of the Fe-C layer. For comparison, another LPFG sensor was coated with silver nano ink 
as a conductive film. 
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4.2.  SENSOR FABRICATION 
One LPFG sensor with Fe-C coating on top of a Gr/AgNW/Gr film and another on 
top of a silver nano ink film were tested and compared. The Gr/AgNW/Gr-based sensor 
was prepared in three steps (LFPG, Gr growth, and Fe-C coating) while the silver ink was 
made similarly when the Gr growth step was skipped. 
First, a bare LPFG was fabricated through the CO2 laser grating system introduced 
in Section 2. The grating period of the fabricated LPFG sensors was 351 ± 0.1 µm with a 
total length of ~4 cm, revealing the LP06 cladding mode at 1520 nm wavelength.  
Second, the LPFG sensor was coated with a Gr/AgNW/Gr conductive film 
according to the following steps as illustrated in Figure 4.3: 
 
 
Figure 4.3 Procedure of coating graphene on a LPFG sensor 
 
(a) A 25 mm × 100 mm copper foil with a thickness of 125 µm was placed in a 
chemical vapor deposition chamber and annealed at 1030 °C under 80 mTorr 
vacuum pressure with a 5 sccm hydrogen flow for 0.5 hrs. A 5 sccm methane 
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flow was added into the chamber to form a monolayer Gr on the copper foil 
surface in 10 min.  
(b) The Gr (top) mounted copper foil was spin coated with the 
polymethylmethacrylate (PMMA) solution (20mg/ml in chlorobenzene) at 
4000 RPM for 30 sec. A uniform PMMA film was coated on the Gr-copper 
surface after 10 min heating under 180 °C to evaporate chlorobenzene. 
(c) The sample was immersed in copper etchant solution (Sigma Aldrich 667528) 
for 2 hrs to remove the copper substrate. The floating PMMA-coated Gr was 
wet transferred into deionized water for removal of any copper residues. 
(d) The LPFG was fixed on a microscope slide at two ends, placed in the deionized 
water underneath the PMMA/Gr film, and gradually lifted out of the water. 
(e) The water between the LPFG and the PMMA/Gr film was absorbed from two 
open ends to create a vacuum space so that the PMMA/Gr film is firmly pressed 
against the curve surface of the LPFG under external atmospheric pressure.  
(f) The PMMA (m.p.=160 °C) was heated under 180 °C for 5 min to flatten any 
wrinkles before it was removed in an acetone bath for 20 min. A 0.4 mg/mL 
AgNW (ACS Material Inc.) solution in isopropyl was dropped onto the Gr-
coated LPFG, spin coated at 100 RPM for 10 sec and then dried at room 
temperature for 10 min to form a layer of the AgNW network. Repeat steps (a-
e) to form Gr/AgNW/Gr composite.  
Third, the Gr/AgNW/Gr composite was connected to the negative electrode in 
electroplating solution (40 g/L FeSO4·7H2O, 3.0 g/L L-ascorbic acid and 1.2 g/L citric 
acid) for 1.5 hrs with a current of 5 mA to form an approximately 30 µm thick Fe-C layer. 
  
62
To make a sound connection, the Gr/AgNW/Gr coated LPFG sensor was tightly fixed with 
marine epoxy at both ends on a glass slide with minimum prestress to ensure that the sensor 
is straight horizontally. Silver nano ink (40w.t %, UT Dot. Inc.), a mixture of silver nano 
particles (approximately 10 nm) and xylene (b.p. =138.5 °C), was dip-coated onto the 
LPFG surface with a coating speed of 10 mm/s. This process continued until the ink 
completely covered the connection area. After the ink was heated at 150 °C for 5 min to 
evaporate the xylene, a copper wire was placed on top of the ink and well covered with 
silver conductive epoxy cured for 1 hr. Finally, the copper-Fe connection area was sealed 
with marine epoxy and cured for 24 hrs. Three sensors of each group were fabricated and 
tested based on the same procedure for repeatability study. 
4.3.  CHARACTERIZATION OF THE COATING 
Figure 4.4 shows the microstructure of the Gr/AgNW composite, cross section of 
the silver coated LPFG, thickness of the silver film, Fe-C grains, and the surface 
morphology of the Fe-C layer prior to corrosion tests and after immersion in 3.5wt.% NaCl 
solution for 72 hrs under scanning electron microscopy (SEM, Helios Nanolab). The 
AgNW is approximately 30 nm in diameter and 100-150 µm in length. The Fe-C layer of 
approximately 30 µm thick has a dendritic structure with Fe-C grains approximately 27 nm 
in diameter [84]. As shown in Figure 4.4(b), the surface of the Fe-C layer is rough with a 
network of cracks, which is likely associated with remaining wrinkles of the Gr/AgNW 
film. The largest unit sectioned by cracks is approximately 500 nm in length. Figure 4.4 
(c) and Figure 4.4 (d) show the silver coated LPFG cross section and coating thickness of 
170 ± 25 nm. After 72 hrs of immersion in the NaCl solution, the diameter of the Fe-C 
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coated LPFG sensor becomes approximately 550 µm, including about 215 µm thick 
corrosion products that is about 7 times the thickness of the original Fe-C layer [70]. 
 
 
Figure 4.4 SEM images of (a) Gr/AgNW/Gr composite, (b) Fe-C grains, (c) cross section 
of silver coated LPFG, (d) thickness of silver layer, (e) Fe-C coated LPFG before and (f) 
after 72 hrs of immersion in 3.5 wt. % NaCl solution 
 
To ensure that three layers of Gr have been successfully coated on the LPFG sensor, 
the Raman spectra of 1~3 Gr layers is firstly presented in Figure 4.5(a). A G peak (1580 
cm-1) and a 2D peak (2680 cm-1) are clearly observed from each measurement. While the 
2D peak is affected by the sp2 bonding, the G peak varies with both the sp2 bonding and 
the number of Gr layers. The intensity ratio (IG/I2D) between the G and 2D bands mainly 
represents the effect of the number of Gr layers [85]. Specifically, the ratio increases with 
the number of Gr layers. For three-layer graphene, the IG/I2D value is about 1.12. Raman 
spectra were then taken at different angles (Figure 4.5(c)) on the Gr coated LPFG surface 
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to investigate the angular homogeneity of the Gr distribution. Figure 4.5(d) shows the IG/I2D 
value (1.12 ± 0.04) around the fiber surface, which indicates a robust Gr distribution. The 
D peak (1350 cm-1) related to the disorder of sp2 bonding is not observed in Figure 4.5(a), 




Figure 4.5 Indication of Gr presence and its effect on the transmission of LPFG sensors: 
(a) Raman spectroscopy of 1~3 Gr layers, and (b) transmission spectra of bare, 
Gr/AgNW-coated and silver-coated LPFG. Raman spectroscopy taken at (c) different 
angular degrees around the LPFG surface and (d) IG/I2D values with variations reflecting 
the 3-layer graphene angular homogeneity on LPFG 
 
The electrical resistance of a single layer Gr (approximately 0.4 nm thick and 97% 
transparent) coated on the LPFG surface was determined by the ratio of the electroplating 
voltage and current with a value of approximately 1.5 kΩ, which is relatively high for a 
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continuous electroplating process. The optical transparency was measured through a tint 
meter (WTM-1100) at 550 nm on a 2×2 cm2 glass slide. Three layers of Gr/AgNW 
composite were thus considered and determined to be optimal with an electrical resistance 
of approximately 600 Ω and an optical transparency of approximately 75%. 
To understand the coating effect on light transmission at the LPFG, Figure 4.5(b) 
compares the transmission spectra of bare, Gr/AgNW-coated, and silver-coated LPFG 
sensors. In comparison with the silver film, the Gr/AgNW film results in more light 
scattering and transmission reduction at the resonant wavelength of the LPFG sensor due 
to its high optical transparency. The silver film with higher refractive index reflects more 
incoming light and thus is less affected by its surrounding medium. 
4.4.  CORROSION TEST WITH EIS AND OPTICAL SPECTRA MEASUREMENT 
The two Fe-C coated LPFG sensors were calibrated for Fe-C mass loss 
measurement by simultaneously recording the resonant wavelength of each LPFG sensor 
and the corrosion rate of its Fe-C coating every 2 hrs, using a standard three-electrode setup 
for electrochemical impedance spectroscopy (EIS) tests. As shown in Figure 4.6, the LPFG 
sensor was connected to a high-speed optical interrogator for transmission measurement. 
At the same time, the Fe-C coating and its substrate film (Gr/AgNW or silver nano ink) as 
a working electrode, a platinum sheet as a counter electrode, and a saturated calomel 
electrode as a reference electrode were connected to a Gamry instrument (Potentiostat/EIS 
300). Prior to EIS tests, a stabilized open circuit potential (OCP) was recorded. The EIS 
measurements were then taken at 5 points per decade when a sinusoidal potential of 10 mV 




Figure 4.6 Setup of the 72-hr corrosion test with EIS and optical spectra measurement 
4.5.  CORROSION EFFECT ON THE LIGHT TRANSMISSION 
Figures 4.7(a-1~a-3) and 4.7(b-1~b-3) show the transmission spectra of three Fe-C 
coated LPFG sensors based on the Gr/AgNW and silver films, respectively, over 72 hrs of 
immersion in 3.5 wt. % NaCl solution (1 spectrum every 2 hrs). The range in spectral shift 
of the Gr/AgNW-based sensor is significantly larger than that of the silver-based sensor. 
The blueshift of transmission spectra of the Gr/AgNW-based sensor is steady with 
increasing bandwidth over time.  
 
 
Figure 4.7 Transmission spectra of the Fe-C coated LPFG sensors in 3.5 wt.% NaCl 
solution for 72 hrs: (a-1~a-3) Gr/AgNW-based film, (b-1~b-3) silver-based film 
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Figure 4.8 shows the wavelength and transmission shifts of the Gr/AgNW- and 
silver-based LPFG sensors over time, respectively. For the silver-based sensor, the 
wavelength shift starts after about 10 hours of immersion and becomes saturated after 30 
hours. For the Gr/AgNW-based sensor, the wavelength continues to decrease till 
approximately 46 hours of immersion. That is, the service life (wavelength changing 
duration) of the Gr/AgNW-based sensor is 210% times that of the silver-based sensor. 
Figure 4.6 also indicates that the transmission of the Gr/AgNW-based sensor increases 
steadily till 46 hours of immersion while that of the silver-based sensor remains nearly 
constant till 30 hours and changes over time. 
 
 
Figure 4.8 Shift over time for the Fe-C coated LPFG sensors in 3.5 wt.% NaCl solution 
for 72 hrs: (a-1~a-3) wavelength and (b-1~b-3) transmission  
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Figures 4.9(a-1) and 4.9(b-1) show the Nyquist plots (real Zreal versus imaginary 
Zimg components of a complex impedance) of the Fe-C coated LPFG sensors with 
Gr/AgNW- and silver-films, respectively. Each plot includes two semicircle arcs. The first 
small arc in high frequency range represents the combined properties of the Fe-C layer and 
the Gr/AgNW or silver film. The second large semicircle arc in low frequency range 
represents the electrochemical reaction at the Fe-electrolyte interface. The electrochemical 
reaction can be represented by a charge transfer resistance (Rct) and a double layer 
capacitance [14].  
 
 
Figure 4.9 Change of (1) Nyquist plots and (2) charge transfer resistance and corrosion 
current density of the Fe-C coating on (a) Gr/AgNW-based and (b) silver-based LPFG 
sensors in 3.5 wt. % NaCl solution up to 72 hours 
 
Based on the Stern-Geary equation, the charge transfer resistance is inversely 
proportional to the corrosion current density that can be related to the loss of Fe mass [86]. 
  
69
Figures 4.9(a-2) and 4.9(b-2) show the charge transfer resistance Rct and its associated 
corrosion current density icorr for the Gr/AgNW- and silver-based sensors, respectively. In 
general, when the charge transfer resistance increases over time, the corrosion current 
density decreases due to continuing corrosion of the Fe-C layer. In particular, the corrosion 
current densities of the two sensors follow the same trend except the first 10 hrs of 
corrosion tests, both indicating a near completion of the corrosion process of the Fe-C 
layers after 60 hrs. The exception is related to a very small resistance of the Gr/AgNW at 
the beginning of tests, which may lead to notable errors in the inverse conversion from the 
resistance to the corrosion current.  
The corrosion current density was converted to the mass loss of the Fe-C layer using 
the Faraday’s Law [14, 86]. The mass loss was then divided by the initial mass of the Fe-
C layer and presented in Figure 4.10(a) with the silver conductive film and Figure 4.10(b) 
with the Gr/AgNW film. The normalized mass loss was 0% prior to corrosion and 100% 
after about 60 hrs of immersion in the NaCl solution. The normalized mass loss 








Finally, the wavelength and transmission shifts of three samples presented in Figure 
4.8(a) and 4.8(b) were converted to Figure 4.11(a) and 4.11(b) as a function of mass loss 
of the Fe-C layer. A LPFG wavelength shift of 10.3±0.3 nm was achieved with the use of 
the Gr/AgNW film and 3.4±0.1 nm with the silver film. Similarly, a LPFG transmission 
shift of 4.9±0.2 dB with the Gr/AgNW film and 0.8±0.1 dB with the silver film were 
achieved. Therefore, the use of the Gr/AgNW film significantly improved the sensitivity 
of the LPFG sensors. 
 
 
Figure 4.11 Comparison of (a-1~a-3) wavelength and (b-1~b-3) transmission shift with 
Fe-C mass loss between the Gr/AgNW and silver films 
  
71
4.6.  SENSING MECHANISM AND SENSITIVITY 
As indicated in Figure 4.11, the Gr/AgNW-based LPFG sensor with Fe-C coating 
responded to corrosion process of the Fe-C coating in three stages: (I) gradual, (II) rapid 
and (III) stable. All linear regression lines are well correlated with test data. In Stage I, 
pitting corrosion started at locations of the cracks as observed in Figure 4.4(b) on the 
surface of the Fe-C coating, and slowly progressed along the coating surface and inside the 
cracks until the NaCl solution penetrated fully through the Fe-C coating (in depth) after 34 
hrs of immersion. This process gradually increased the effective refractive index of the 
Gr/AgNW-coated LPFG sensor and thus changed the resonant wavelength and 
transmission. In Stage II, once the NaCl solution was in contact with the generally 
impermeable Gr/AgNW surface (0.36 nm in atom diameter), the pitting flakes on the 
remaining Fe-C coating spread both deeply and laterally until they were connected to cover 
a widening area of the Gr/AgNW surface after 46 hrs of immersion. In combination with 
stronger evanescence field near the Gr/AgNW surface, this corrosion process rapidly 
increased the effective refractive index and thus changed the wavelength and transmission 
3.7 times as rapidly as those in Stage I. In Stage III, the effective refractive index of the 
surrounding environment basically remained unchanged, indicating that the entire Fe-C 
layer has been nearly corroded. 
The silver-based LPFG sensor with Fe-C coating also responded to the corrosion 
process in three stages: (I) nonresponsive, (II) gradual and (III) stable. In Stage I, due to 
low transparency of the sliver film, the transmission spectra were not affected by the 
corrosion process up to 10 hrs of immersion. In Stage II, the LPFG sensor gradually 
responded to the corrosion process until the NaCl solution was in contact with the silver 
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surface after 30 hrs of immersion. Due to high light reflectance and relatively high porosity 
of the silver film (approximately 10 nm in particle diameter), the lateral spread of the 
solution on the silver surface did not significantly change the wavelength and transmission 
of the LPFG sensor, as indicated in Stage III.Equation Section (Next) 
The normalized mass loss ƞ can be converted to an equivalent corrosion depth Δt 
of a coating ring with inside radius and thickness of R (=62.5 µm) and t (=30 µm), 
respectively, when uniform corrosion in peripheral direction of the Fe-C coated LPFG 
sensor is assumed. The equivalent corrosion depth can be determined by: 
 2
21 ( 1) ( 1)t R R R
t t t t
         (4.1) 
Corresponding to ƞ=24.5%, 71.5%, 85% and 95% mass losses in Figure 4.10, the 
equivalent corrosion depths are 6.4 µm, 20.2 µm, 24.6 µm, and 28.5 µm, respectively. 
Following the sensing mechanism reasoned above, the Fe-C coating thickness corroded 
before electrolyte reaches to the surface of the substrate film is likely 20.2 – 24.6 µm. In 
other words, the surface cracks in the Fe-C coating layer are estimated to be 5.4 µm – 9.8 
µm. 
Equation (4.2) ~ (4.4) summarizes the correlation relation between the mass loss 
and the shift of wavelength as well as transmission. In terms of wavelength shift, the 
sensitivity of the Gr/AgNW-based sensor is 0.091±0.008 nm per 1% mass loss in Stage I 
and 0.346±0.031 nm per 1% mass loss in Stage II. Both stages are 190% and 721% as 
sensitive as the silver-based Fe-C sensor in Stage II with a sensitivity of 0.048±0.014 nm 
per 1% mass loss. Similarly, the transmission sensitivity of the Gr/AgNW-based sensor is 
0.017±0.002 dB of 1% mass loss in Stage I and rapidly increases to 0.245±0.017 dB in 
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Stage II, while the sensitivity of the silver-coated sensor is only 0.014±0.001 dB of 1% 
mass loss in Stage II. For a measured resonant wavelength shift, the mass loss of the Fe-C 
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4.7.  SUMMARY 
In this section, a Fe-C coated LPFG sensor based on the Gr/AgNW conductive film 
was shown effective for corrosion-induced mass loss measurements. Due to its higher 
optical transparency than the silver nano ink, the Gr/AgNW allows more light transmitted 
from the coupled cladding mode of the LPFG to the Fe-C coating and dissipated as the Fe-
C is corroded. A few conclusions can be drawn as follows: 
1.  The wavelength sensitivity of the Gr/AgNW-based sensor is 190% in Stage I 
and 721% in Stage II as high as that of the sliver-based sensor. The service life 
of the Gr/AgNW-based sensor is 210% as long as the silver-based sensor. 
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2. The wavelength blueshift of the 30 µm thick Fe-C coated LPFG sensor with the 
Gr/AgNW conductive film was causatively associated with the corrosion 
process of the Fe-C coating. In contrast, the Fe-C coated LPFG sensor with the 
silver film did not respond to the corrosion process of the first 6.4 µm thick Fe-
C coating. This indicated that an effective depth of influence to the evanescent 
field surrounding the silver-based LPFG sensor was 23.6 µm. 
3. The surface cracks in Fe-C coating layer are estimated to be 5.4 µm – 9.8 µm 
deep. Further analysis of the crack width and spacing under various strain levels 
will be discussed in Section 5.
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5.  CORROSION INDUCED MASS LOSS MEASUREMENT AT VARIOUS 
STRAINS THROUGH Gr/AgNW-BASED, Fe-C COATED LPFG SENSORS 
5.1.  BACKGROUND 
Civil structures, especially bridges, are often subjected to varying stress conditions 
induced by temperature change, traffic or extreme loads during their service life. When the 
Fe-C coated LPFG corrosion sensor is installed/fixed in proximity to steel rebar or other 
elements, the stress from the steel members will be transferred to the corrosion sensor. 
Even when the stress-induced strain is negligible, which does not change the optical 
spectrum notably, the stress-induced cracks on the Fe-C layer will affect the corrosion 
monitoring process at different levels. Thus, the effect of stress-induced cracks on the 
sensor performance needs to be investigated.  
A crack is the separation of an object or material into two or more pieces under the 
action of stress. The fracture of the material usually occurs due to the development of 
certain deformation mismatch on its surfaces or within the material. If the mismatch 
develops perpendicular to the surface, it is called a normal tensile crack, or mode I crack 
(opening mode); if it develops tangentially to the surface of the material, it is called a shear 
crack, or mode II crack (shear mode) [11]. The type of modes affects the distribution of 
cracks. The bonding strength between the Fe-C layer and the LPFG also determines the 
crack distribution under different strain levels. 
In this section, the Fe-C layer electroplated on Gr/AgNW/Gr coated LPFG 
corrosion sensors were fabricated and tested in 3.5 wt.% NaCl solution under three 
different strain levels (500, 1000 and 1500 µε) for 72 hrs. Mass loss rates and sensitivities 
of the sensor under each strain condition were obtained similarly to the procedure 
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introduced in Section 4 and compared with the zero strain condition. Crack distribution 
were characterized through the SEM images and correlated to the sensor performance. 
Calibration was introduced to modify the mass loss measurement results of the sensor 
considering the effect of strain-induced cracks, which can provide more accurate corrosion 
monitoring for future in-situ applications. 
5.2.  CHARACTERIZATION ON THE CRACK DISTRIBUTION OF Fe-C LAYER 
The Fe-C coated LPFG was progressively subjected to each of three strains (500, 
1000 and 1500 µε) and then fixed on an 18 mm diameter holder with 3000 psi glue for 
SEM imaging. Figure 5.1 shows the SEM images of transverse cracks on the Fe-C layer at 
each of the three strains. It can be seen that the crack width da increases from 7.9 to 24.9 
µm as the strain increases from 500 to 1500 µε. For statistical analysis, 10 measurements 
were taken to obtain the mean value and standard variation of crack width.  
 
 
Figure 5.1 Increasing width of transverse cracks on the Fe-C layer at three strains 
 
Other than the crack width, spacing of the transverse cracks is also an important 
parameter in crack distribution characterization. To demonstrate the crack spacing, SEM 
  
77
images were taken around each of two adjacent cracks, scanning from one to another 
adjacent crack continuously. A full image covering two adjacent transverse cracks was then 
obtained by stitching the above continuous images. Up to ten images were taken to obtain 
the average spacing. Figure 5.2 shows the stitched SEM images of two adjacent transverse 
cracks at each strain level. Spacing of the transverse cracks decreases with the increasing 
strain but the difference is insignificant in comparison with the change in crack width. 
Moreover, longitudinal cracks start to emerge at 1000 µε and elongate at 1500 µε. This 
result indicates that with increasing strain, the transverse fracture starts first and the 
longitudinal fracture next due to uneven distribution of the bonding strength between the 
fiber and Fe-C layer. The elongating longitudinal crack at increasing strain more 
significantly affects the corrosion process of the Fe-C layer since the NaCl solution can 
penetrate through the Fe-C layer more rapidly.  
 
 
Figure 5.2 Stitched SEM images along axial direction of the fiber showing two adjacent 




Let l be the spacing of two transverse cracks, and dτ and τ be the width and length 
of a longitudinal crack. Table 5.1 and Figure 5.3 summarize the mean value and standard 
variation of each parameter. The mean value of transverse crack widths is linearly 
proportional to the applied strain. On the other hand, the mean spacing of transverse cracks 
with a large variation slightly decreases with the increasing strain. The average spacing of 
transverse cracks changes slightly among all the cases studied under various strains since 
it mainly depends upon the shear strength between the Fe-C coating and the optical fiber. 
The average widths of longitudinal cracks are close to each other at two high strain levels. 
However, the average length of each longitudinal crack increases dramatically with the 
increasing applied strain. 
 
Table 5.1 Summary of crack width and spacing at three strain levels 
Strain (µε) 500 1000 1500 
da (µm) 7.7±0.8 13.1±3 17.9±6.3 
l (mm) 0.75±0.24 0.64±0.31 0.59±0.36 
τ (µm) 0 255.2±23.7 768.6±64.2 
dτ (µm) 0 4.4±0.8 4.7±1.1 
 
 
Figure 5.3 Strain dependence of: (a) transverse crack width, (b) transverse crack spacing, 
(c) longitudinal crack width, and (d) longitudinal crack length 
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5.3.  CORROSION TEST SETUP 
To investigate the corrosion monitoring performance of the proposed sensor at each 
strain level, a tensile test of Fe-C coated LPFG sensors was conducted in 3.5wt.%NaCl 
solution for 72 hrs with simultaneous EIS and optical spectral measurements. Figure 5.4 
shows the schematic view and laboratory setup of a LPFG sensor on a loading machine. 
 
 
Figure 5.4 Tensile testing of Fe-C coated sensors in 3.5wt.% NaCl solution: (a) schematic 
view and (b) laboratory test setup 
 
As shown in Figure 5.4, a Fe-C coated LPFG sensor was fixed on an acrylic dog-
bone specimen and immersed in the NaCl solution. The specimen was inserted into an open 
acrylic container through its bottom circular hole, which is sealed with a rubber O-ring to 
keep the NaCl solution in the container during testing. The top and bottom ends of the 
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specimen were griped by a low-capacity high resolution load frame (Instron 5965 with 5 
kN max force and 0.001 N resolution). The optic fiber loop was connected to a 1 kHz 
optical interrogator to collect the transmission spectrum every two hours. For EIS tests, the 
Fe-C layer was connected to the Interface1000E Potentiostat/Galvanostat/ZRA (Gamry 
Instruments) equipment as the working electrode through a copper wire. The connection 
part was covered with marine epoxy to avoid direct contact with the 3.5 wt.% NaCl 
solution. The solution was poured into the container to fully immerse the sensor. Three 
strain levels were applied through the load frame. To make sure that the strain on the sensor 
was accurate, another bare LPFG was attached to the acrylic specimen next to the Fe-C 
coated LPFG sensor to obtain the strain readout during testing and adjust the applied load 
accordingly. A total of nine Fe-C coated LPFG sensors were tested in this task, three of 
which were loaded to each of three strain levels for measurement repeatability check. 
5.4.  TEST RESULTS 
Figure 5.5 presents the transmission spectra of a representative Fe-C coated LPFG 
sensor tested for 72 hours at each strain level of 0, 500, 1000 and 1500 µε, respectively. 
The shifts in resonant wavelength extracted from the spectra are plotted against time in 
Figure 5.6. As discussed in Section 5.2, the increasing strain applied on the sensors causes 
wider transverse cracks and longer longitudinal cracks through which the NaCl solution 
can seep, thus accelerating the corrosion process of the Fe-C layer. It can be seen from 
Figure 5.6 that the corrosion time for a complete loss of the Fe-C mass on each sensor is 
approximately 48, 42, 36 and 28 hrs at 0, 500, 1000 and 1500 µε, respectively. However, 
the overall wavelength shift of every sensor remains approximately 10.4 nm, which is 
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independent of the applied strain. The obvious three stages of corrosion with different rates 
in the bare Fe-C coated LPFG sensor as observed in Figure 5.6(a) is gradually transitioned 
to two stages of corrosion as the applied strain increases from 500, 1000 to 1500 µε, as 
shown in Figure 5.6(b-d). 
 
 
Figure 5.5 Transmission spectra of the Fe-C coated LPFG sensors: (a) 0, (b) 500, (c) 
1000 and (d) 1500 µε for 72 hrs of corrosion test 
 
 
Figure 5.6 Resonant wavelength shift over time: (a) 0, (b) 500, (c) 1000 and (d) 1500 µε 
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 Figure 5.7 shows the Nyquist plots of four Fe-C coated LPFG sensors that were 
tested in 3.5 wt.% NaCl solution up to 72 hrs at 0, 500, 1000 and 1500 µε, respectively. 
Due to the strain-induced cracks that penetrate through the Fe-C layer in each sensor, the 
electrolyte (NaCl solution) is in direct contact with the Gr/AgNW film, significantly 
reducing the real and imaginary resistances. Therefore, the combined properties of the Fe-
C layer and Gr/AgNW in the higher frequency range as shown in Figure 5.7(b-d) are 
different from those in Figure 5.7(a) for the zero-strain test.  
 
 
Figure 5.7 Change of Nyquist plots of the Fe-C layer under (a) 0, (b) 500, (c) 1000 and 
(d) 1500 µε in 3.5 wt. % NaCl solution up to 72 hrs 
 
Figure 5.8 shows the charge transfer resistance (Rct) and corrosion current density 
(icorr) of the Fe-C layer at each strain level. Corresponding to the wavelength shift over 
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time as shown in Figure 5.6, the charge transfer resistance increases over time in three 
stages of corrosion at the zero strain, as shown in Figure 5.8(a), and two stages of corrosion 
at a strain of 500, 1000 and 1500 µε, as shown in Figure 5.8(b-d). Based on the Stern-Geary 
equation, the charge transfer resistance is inversely proportional to the corrosion current 
density and can thus be related to the mass loss of the Fe-C layer as shown in Figure 5.9. 
 
 
Figure 5.8 Charge transfer resistance and corrosion current density of the Fe-C layers 
at (a) 0, (b) 500, (c) 1000 and (d) 1500 µε 
 
 
Figure 5.9 Fe-C mass loss over time at (a) 0, (b) 500, (c) 1000 and (d) 1500 µε 
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By combining Figure 5.6 and 5.9, the resonant wavelength shift can be related to 
the mass loss of the Fe-C as presented in Figure 5.10. In general, the entire corrosion 
process can be divided into three stages as previously discussed in Section 4.5. Stage I 
represents the penetration process of NaCl solution through micro cracks and strain-
induced cracks of the Fe-C layer (thickness) so that the Fe oxidization or uniform corrosion 
occurs in the entire Fe-C layer. Stage II is associated with the continuing solution 
penetration through the remaining Fe-C and, more importantly, the wide spreading of the 
solution at the Fe-C and Gr/AgNW interface, which accelerates the uniform corrosion. 
Stage III is a stable stage when the Fe-C layer is completely corroded away. Although they 
slightly increase the corrosion rate, the strain-induced cracks accelerate the penetration 
process of NaCl solution through the Fe-C layer in Stage I. Therefore, the total percentage 
mass loss in Stage I decreases as the applied strain increases from 0 to 1500 µε, thus leaving 
the loss of more mass in Stage II. 
 
 
Figure 5.10 Resonant wavelength shift with Fe-C mass loss at (a) 0, (b) 500, (c) 1000 and 
(d) 1500 µε 
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As the applied strain increases from 0 to 1500 µε, the corrosion behavior in the first 
two stages change dramatically due to the presence of widening transverse and elongating 
longitudinal cracks in the Fe-C layer. As discussed in Section 4.5, Stage I of corrosion with 
a slow rate in a bare Fe-C coated LPFG sensor corresponds to the corrosion-induced mass 
loss along the depth of the Fe-C layer around partially penetrating micro cracks. Once the 
Fe-C coated LPFG sensor is subjected to a strain of exceeding 1000 µε, transverse cracks 
occur first and longitudinal cracks late, allowing more NaCl solution in direct contact with 
the optical fiber at the beginning of corrosion tests. 
The linear regression equation between the resonant wavelength shift and the Fe-C 
mass loss was derived at each strain level as presented in Figure 5.10. The regressions 
equations at different strain levels are listed in Equations (5.1) and (5.2) in Stages I and II, 
respectively. In all cases, the correlation coefficient exceeds 0.91, indicating a good fit of 
the linear regression lines into the test data in Figure 5.10. The sensitivities of corrosion 
sensors at various strain levels are summarized in Table 5.2.Equation Section (Next) 
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Table 5.2 Sensitivity of Fe-C coated corrosion sensors at various strain levels 
Strain (µε) 0 500 1000 1500 
Sensitivity in Stage I (nm/1% in mass loss) 0.091 0.097 0.105 0.112 
Sensitivity in Stage II (nm/1% in mass loss) 0.346 0.181 0.14 0.118 
 
Figure 5.11 presents the average wavelength sensitivities of three Fe-C coated 
LPFG sensors in each stage with one standard deviation of error bars and the mass loss at 
the end of Stage I at various strain levels as illustrated in Figure 5.9. In Stage I, since the 
strain-induced cracks allow more NaCl solution to penetrate through the Fe-C layer and 
increase the contact area of the Fe-C layer, the resonant wavelength shifts more rapidly and 
thus has a higher sensitivity to the mass loss than the case at zero strain. In Stage II, the 
bonding between the Fe-C layer and its underlying Gr/AgNW film is weakened, 
accelerating the electrochemical reaction of the Fe-C layer. Note that the change in 
refractive index of the NaCl solution during the corrosion process is negligible in both 
Stage I and II. 
 
 
Figure 5.11 Comparison and fitted curve of (a) Stage I sensitivity, (b) Stage II sensitivity 
and (c) mass loss at the end of Stage I at various strain levels 
 
To understand the effect of applied strain (ε) on the sensitivity and mass loss of Fe-
C coated LPFG sensors, the data presented in Figure 5.10 is further analyzed to derive 
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regression equations. Let k1 and k2 be the sensitivities of the Fe-C coated LPFG sensor in 
Stage I and II, respectively. Let ηI be the mass loss at the end of Stage I. The three 

















   
  
  (5.3) 
The average sensitivity increases linearly while in Stage I and decreases exponentially in 
Stage II with the increasing applied strain. The resonant wavelength shift can then be 
related to the mass loss at any strain level by: 
6 2 3 4
(1394 10.98)                                                  -680 +7.21  Stage I
(1.3 10 -5.62 10 2.93) -3.6 10 +57.46  -680 +7.21  Stage II
    
      
     
        
  (5.4) 
in which the mass loss of the Fe-C layer can be calculated from the resonant wavelength 
shift that is extracted from the measured transmission spectra. This relation is referred to 
as the calibration equation. 
5.5.  VALIDATION OF THE CALIBRATION EQUATION 
To validate Equation (5.4), two strain levels, 700 and 1200 µε, were considered in 
another set of corrosion tests on Fe-C coated LPFG sensors under tensile loading, using 
the same setup as illustrated in Figure 5.4. Both the mass loss and the resonant wavelength 
of each Fe-C coated LPFG sensor were measured. The sensitivities of the sensor in Stages 
I and II, k1, k2, and the mass loss ηI at the end of Stage I are calculated from Equation (5.3) 
and listed in Table 5.3. Let ηm be the measured mass loss, ηc1 be the mass loss calculated 
from Equations (4.2) and (4.3), and ηc2 be the mass loss calculated from Equation (5.4). 
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The various mass losses corresponding to different wavelength shifts are obtained and 
compared in Table 5.4 with their respective measured values. It can be seen that, by using 
Equation (5.4) with the strain effect taken into account, the mass loss (ηc2) estimates are 
more accurate with a maximum error of 2.2% at 700 µε and 2.5% at 1200 µε. Both 
estimates are satisfactory in engineering applications. 
 
Table 5.3 Calculated sensitivity and mass loss at the end of Stage I 
Strain (µε) 700 1200 
k1 (nm/1% mass loss) 0.099 0.107 
k2 (nm/1% mass loss) 0.156 0.135 
ηI (%) 72.3 63.7 
 
Table 5.4 Comparison of the measured and calculated mass loss (%) 
Δλ 
(nm) ηc1 
700 µε 1200 µε 
η m Error ηc2 Error η m Error ηc2 Error 
2 27.1 19.9 36.2% 20.2 1.3% 18.5 46.5% 18.1 1.9% 
4 49.1 39.5 24.3% 40.5 2.2% 37.2 32.0% 37.9 1.7% 
6 71.0 59.8 18.7% 60.6 1.4% 55.2 28.6% 56.7 2.5% 
8 93.1 80.1 16.2% 78.8 1.2% 73.4 26.8% 75.2 2.2% 
 
5.6. SUMMARY 
In this section, the Fe-C coated LPFG sensors were tested in 3.5 wt.%NaCl solution 
under three strain conditions and the effect of strains on the mass loss estimation from 
resonant wavelength shifts were summarized and compared with the case at zero strain. A 
few conclusions can be drawn from this study: 
1. Transverse cracks occurred first on a Fe-C layer of the LPFG sensor under strain 
conditions. The transverse cracks were widened linearly and significantly but 
spaced slightly less as the applied strain increased. Longitudinal cracks started 
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to appear at 500 µε. The length of the longitudinal cracks increased dramatically 
while the width of the longitudinal cracks increased linearly and slowly with 
the increasing strain. 
2. Although widening of transverse cracks and elongation of longitudinal cracks 
under stain conditions increased the number of wider paths for the penetration 
of NaCl solution through the Fe-C layer, thus reducing the time to saturate the 
surface of the Gr/AgNW film or the mass loss in Stage I of corrosion, the overall 
increase in the porous Fe-C layer is small. As a result, the total wavelength shift 
in Stage I occurred in a slightly short time, resulting in a slightly more sensitive 
corrosion sensor under strain conditions. On the other hand, the mass to be 
corroded away in Stage II under strain conditions increased slightly, causing a 
reduction of wavelength sensitivity to the mass loss given the total wavelength 
shift in Stage II remained nearly the same. 
3. The calibration equation between the wavelength shift and mass loss depends 
on the level of applied strain. It was established from the regression analysis of 
test data at a strain of 0, 500, 1000 and 1500 µε. With the strain effect properly 
taken into account, the calibration equation was validated using a new set of 




6. INTEGRATED SENSOR FOR SIMULTANEOUS STRAIN, TEMPERATURE 
AND LONG TERM CORROSION INDUCED MASS LOSS MEASUREMENT 
6.1.  BACKGROUND 
In structural health monitoring, strain is one of the most important parameters to 
measure in engineering applications [11-12, 87-88]. It can provide essential information 
about the rebar performance condition, concrete crack indication and behavior of steel 
members. Temperature is another parameter that affects the structural performance and 
must be compensated for strain measurement during seasonal fluctuations or extreme 
conditions such as fire and explosion. For strain monitoring, the most commonly used 
technique is the strain gauge that utilizes the correlation between the deformation of a 
metallic foil and its electrical resistance. For in-situ applications, this technique has several 
drawbacks. First, the thermal expansion on the strain gauge induced by temperature change 
is detected as strain and thus the measured strain is offset. To address this issue, self-
compensated strain gauges have been developed by using constantan alloys with various 
coefficients of thermal expansion (CTE). Due to different CTEs of materials, a particular 
material must be selected prior to each test according to the testing object. Another method 
is to install a dummy gauge on an unstrained sample of the same specimen to be tested. In 
this case, the readout from the dummy gauge is only the thermal induced deformation and 
thus the temperature load can be eliminated. Obviously, this method needs an extra setup 
and requires an unstrained sample be deployed close to the tested area. Second, since the 
strain gauge utilizes the change in electrical resistance, voltage must be applied to the 
circuit in mV or even µV to control the generated heat. The amplification process must be 
controlled to avoid the superimposed noise. On the other hand, the external electromagnetic 
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interference (EMI) affects the signal quality depending on the intensity level. Third, if the 
strain gauge is not installed with protection from the moisture, the wire will be corroded 
over time and thus the output signal will not be accurate. Currently, epoxy and polymer 
have been widely used to protect the strain gauges for long-term measurement. In cases 
such as high temperature, debonding, and high intensity chemical invasive environment, 
the strain gauge is still fragile since the insulation material cannot provide enough 
protection. 
For temperature measurement, many techniques have been developed [15, 29, 89–
94]. One of the most popular sensors is the thermal coupler. A thermocouple as an electrical 
device consists of two dissimilar electrical conductors forming electrical junctions at 
differing temperatures. A thermocouple produces a temperature-dependent voltage as a 
result of the thermoelectric effect, and this voltage can be interpreted to measure 
temperature. Various types of thermocouples are available for different temperature range 
and resolution considerations. The temperature measurement range of a thermocouple is 
wide (200~ 2600 °C) with a short response time. More attention must be paid to several 
disadvantages. First, since the material of the thermocouple is metal, corrosion of the metal 
will occur in long term and the temperature measurement will be misled by the corroded 
part. Second, to provide accurate results, the thermocouple must be recalibrated in a 
specific time duration after each usage and the calibration process is difficult and time 
consuming. Third, similar to the strain gauges, EMI can also affect the thermocouple 
performance and lead to an increasing measurement error. 
To address the issues discussed above in both strain and temperature measurements, 
fiber optic sensors (FOS) have been proposed, developed and tested in the past decades. 
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Compared to the conventional methods, the FOS have several unique advantages in 
structural health monitoring: 1) a compact optic fiber with hundreds of microns in diameter 
requires less space or room for installation, 2) the fiber made of silica is immune to the 
EMI effect, 3) silica fibers can stand temperature up to 600 °C, and high temperature 
resistant fibers and sapphire fibers can work under much higher temperatures, 4) due to the 
silica material, the FOS are not affected by the corrosive environment such as moisture, 
oxidization and chemical invasive circumstance, and 5) the FOS have low attenuation loss 
over a long distance. Applications of distributed FOS have achieved such a long distance 
in kilometers long for in-situ tests. Even though there are many advantages of the FOS, a 
bare fiber is so tiny and fragile that extra protection is required especially for the fiber 
grating sensors such as FBG and LPFG. 
In Sections 4 and 5, the Fe-C coated LPFG corrosion sensor is systematically 
studied for mass loss measurement. The ultra-sensitive sensor is a direct technique to 
monitor the corrosion process. However, for in-situ application, the corrosion process is 
natural and slow. Long-term monitoring usually takes years of operation. The proposed 
sensor can only provide mass loss measurement for approximately 60 hrs in zero strain and 
the operation time reduced to 30 hrs at a strain of 1500 µε. Therefore, increasing the service 
life of the sensor is essential for long-term applications. 
In this section, an integrated sensor is proposed, designed and tested for 
simultaneous measurement of strain, temperature, and long-term corrosion induced mass 
loss. The sensor consists of three coaxial steel tubes and five LPFG sensors. The three steel 
tubes can not only protect the inside sensors from external mechanical forces and impact, 
but also provide three corrosion thresholds (in years, ten years) in practical applications. 
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The use of three steel tubes enable the long–term monitoring of corrosion for life-cycle 
assessment of steel structures or steel reinforcing bars. 
6.2.  SENSOR DESIGN 
As shown in Figure 6.1, three tubes, A, B and C, with different diameters are 
designed and arranged in a coaxial pattern. The outside diameter (OD), inside diameter 
(ID), thickness and length of the three types of tubes are listed in Table 6.1. 
 
 
Figure 6.1 Cross section of three steel tubes 
 
Table 6.1 Dimension of the three types of tubes 
Type Tube A Tube B Tube C 
OD (mm) 5.5 4.0 2.5 
ID (mm) 5.0 3.5 2.0 
Thickness (mm) 0.25 0.25 0.25 
Length (cm) 5.0 5.0 5.0 
 
The three tubes were extracted from a piece of steel rebar through electrical 
discharge machining (EDM). Figure 6.2 shows three extracted steel tubes and the finishing 
product of the three tubes in a coaxial arrangement by placing a small tube inside another 
large one. As shown in Figure 6.3, three Fe-C coated LPFG corrosion sensors with yellow, 
green and red fibers were placed inside of each of the three tubes for corrosion-induced 
Section Tube A Tube B Tube C
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mass loss measurement. Two bare LPFG sensors in LP06 and LP07 modes, respectively, 
with blue and pink fibers in Figure 6.3 were deployed inside the inner tube for strain and 
temperature measurement. Two ends of the steel tubes were sealed using marine epoxy. 
 
 
Figure 6.2 Long-term corrosion threshold monitoring system from (a) three extracted 
tubes from steel rebar and (b) final arrangement of the tubes 
 
 
Figure 6.3 Schematic view of an integrated sensor: (a) three-dimensional view and (b) 
cross section 
6.3.  TEMPERATURE SENSING 
For temperature calibration tests, a LPFG sensor was fixed on a short piece of steel 
rebar through epoxy and immersed in the water bath as shown in Figure 6.4. 
 
 
Figure 6.4 Test setup for temperature calibration sensing 
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During the calibration tests, a temperature profile started from room temperature 
(25 °C) to 75 °C with a step of 10 °C. The resonant wavelength shifts of two LP modes 
were measured through a high speed optical interrogator (Micron Optics Si255). Figure 6.5 
shows the wavelength shift with the increase in temperature of each sensor. 
 
 
Figure 6.5 Resonant wavelength shift of LP06 and LP07 sensors versus temperature 
increase 
 
Therefore, the correlation between the temperature and resonant wavelength can be 
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  (6.1) 
The sensitivity of the LP07 mode is about 1.5 times higher than that of the LP06 mode, as 
discussed in Section 2. For concrete structures, the temperature around rebar will reach to 
70 °C during the concrete casting and hardening process caused by the hydration heat. 
Once this process is finished, the temperature will drop down to the environment 
temperature. Therefore, a LPFG sensor can be used to monitor the change in early-age 
temperature in concrete. For steel structures, the temperature change usually comes from 
the environment and extreme loads such as fire and explosion. In such a case, the 
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temperature can go up to several hundreds of degree in Celsius. To monitor the temperature 
in such a condition, high-temperature resistant epoxy is required to provide reliable 
bonding of the sensor on its substrate. Equally, if not more important, high temperature 
corrosion can also be monitored with the proposed sensor. 
6.4.  STRAIN SENSING 
For strain calibration tests, a LPFG sensor was fixed on the rebar with epoxy, which 
is then griped on the load frame as illustrated in Figure 6.6. 
 
 
Figure 6.6 Schematic illustration of the strain sensing setup 
 
A total strain of 1000 µε were applied on the rebar specimen with a step of 250 µε. 
The transmission spectra of the LPFG sensor were recorded through the optical interrogator. 
The resonant wavelength shift with strain is shown in Figure 6.7. The correlation between 














  (6.2) 
in which the LP07 mode is about 1.27 times more sensitive than the LP06 Mode. Since the 
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LPFG sensor with a steel tube is fixed with the rebar using epoxy, the strain transfer rate 
highly depends on the bonding strength between two components in contact. If other 
bonding method is used, the correlation equation between the increasing strain and resonant 
wavelength shift must be recalibrated. 
 
 
Figure 6.7 Resonant wavelength shifts of LP06 and LP07 mode sensor with strain 
6.5. SIMULTANEOUS MEASUREMENT OF STRAIN AND TEMPERATURE 
The LP06 and LP07 LPFG sensors can be combined to discriminate the applied 
strain and temperature due to their different sensitivity coefficients. To illustrate this point, 
the LP06 and LP07 sensors were deployed in a high temperature furnace with two ends 
fixed on an external frame. As shown in Figure 6.8, the left side of the frame is moveable 
controlled by a micrometer for strain application, and the right side of the frame is fixed. 
 
 
Figure 6.8 Test setup for simultaneous strain and temperature measurement 
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During tests, the temperature in the furnace was increased from 50 °C to 200 °C at 
a step of 50 °C. The strain applied on the LPFG sensor was from 0 to 4000 µε with a step 
of 1000 µε. Both the temperature and strain were applied simultaneously onto the sensors 
and the resonant wavelengths were acquired from the optical interrogator. The measured 
strain and temperature were decoupled from the LP06 and LP07 mode wavelength shift using 
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  (6.3) 
where α is the temperature sensitivity and k is the strain sensitivity. As shown in Figure 6.9 
and Table 6.2, the decoupled strain and temperature from the sensor measurements match 
the load profile well with a maximum error of 4% in temperature and 8.2% in strain. 
 
 
Figure 6.9 Comparison of the measured data by LPFG sensor and the load profile 
 








Strain (µε) Error 
50 52 4.0% 1000 962 3.8% 
100 101 1.0% 2000 2164 8.2% 
150 148 1.3% 3000 2869 4.4% 




6.6. LONG-TERM CORROSION INDUCED MASS LOSS MONITORING 
In an integrated sensor of three steel tubes and three Fe-C coated LPFG sensors for 
long-term corrosion monitoring, each steel tube can delay the exposure time of a Fe-C 
coated LPFG sensor at a specific pitting corrosion threshold of penetrating through the wall 
of the tube in years or decades. As the NaCl solution flows into the inside LPFG sensor, 
the corrosion rate immediately after the corrosion threshold level can be measured. By 
combining the three tubes with the three Fe-C coated LPFG sensors, the integrated sensor 
can be used to measure three critical corrosion thresholds and their respective mass loss 
rates in the life span of steel structures. Since the natural corrosion process takes months 
or even years to complete, accelerated corrosion is used by controlling the corrosion current 
density during laboratory tests. 
6.6.1.  Mass Loss Calibration. The mass losses of steel tubes and rebar under 
various current densities are calibrated. Three combinations of a single tube A, a double 
tube A+B and a triple tube A+B+C were tested with the rebar. A bare LPFG was placed 
inside the inner tube of each combination to monitor the wall penetration time. The steel 
tubes were sealed with marine epoxy at two ends and taped on the rebar. To investigate the 
effect of rebar length, three lengths (5 cm, 10 cm and 15 cm) of rebar with 16 mm in 
diameter were tested in three groups. Each rebar sample was then immersed in 3.5 w.t % 
NaCl solution for accelerated corrosion test. To study the effect of the current density on 
the mass loss, three current densities, 500, 400 and 300 µA/cm2, were applied on the rebar 
sample. The residual mass of the tube and rebar were measured daily. Resonant wavelength 
of the LPFG was also monitored daily. Once shifted, the resonant wavelength indicates 
that the steel tubes are fully penetrated. The test was then terminated. Figure 6.10 shows 
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the corroded rebar and steel tube penetration after the accelerated corrosion test. The 
residual mass of the rebar and tube were measured after each day test. 
 
 
Figure 6.10 Post-test examination: (a) corroded rebar and (b) corroded steel tube 
 
Table 6.3 and Figure 6.11 summarize the mass loss measurement results. The mass 
loss rates of the rebar and steel tubes increase with the current density but are not affected 
by the rebar length. This is because the increased rebar length required a larger current to 
keep the same current density and thus the current density through the steel tube remained 
at the same level. However, for double tubes and triple tubes, the mass loss rate 
significantly decreases compared to the single tube due to the increased total mass. 
 





Rebar Mass Loss 
Per Day (%) 
Steel Tube Mass Loss 
Per Day (%) 
5 cm 10 cm 15 cm 5 cm 10 cm 15 cm 
Single Tube 
300 0.24 0.26 0.26 1.9 2.1 1.9 
400 0.33 0.35 0.32 2.6 2.7 2.5 
500 0.43 0.44 0.41 3.3 3.4 3.5 
Double Tubes 
300 0.21 0.22 0.27 1.2 1.3 1.1 
400 0.35 0.37 0.39 1.5 1.6 1.7 
500 0.46 0.42 0.47 2.1 2.0 2.2 
Triple Tubes 
300 0.21 0.25 0.28 1.0 0.9 1.0 
400 0.30 0.37 0.35 1.3 1.3 1.2 





Figure 6.11 Mass loss rates of the rebar and steel tube under various current densities 
 
Figure 6.12 shows the correlation of the mass loss rate between the rebar and steel 
tube. Despite the current density difference, the correlations follow the similar linear 
regression with different slopes. Let β=dη/dt be mass loss rate, βr be the mass loss rate of 
the rebar, β1 be the mass loss rate of the single tube, β2 be the mass loss rate of the double 
tube, and β3 be the mass loss rate of the triple tube. Then the mass loss rate of the rebar can 
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  (6.4) 
Once the mass loss rate of the steel tube is obtained, the mass loss rate of the rebar 
can be derived using the above equations. Moreover, by multiplying the rate and time under 
a constant corrosion current density, the total mass loss of the rebar can be derived: 





Figure 6.12 Correlation of the mass loss rates between the rebar and steel tube 
 
6.6.2.  Penetration Time of the Steel Tube. For long-term corrosion monitoring, 
it is important to understand how long it takes for the steel tube to get fully penetrated. This 
parameter determines the service life of the sensor and is critical for sensor design. Table 
6.4 lists the penetration time of each tube combination monitored by the inner bare LPFG 
sensor under various current densities. 
 
Table 6.4 Penetration time of each tube combination under various current densities 
Sample Penetration Time (Days) 300 µA/cm2 400 µA/cm2 500 µA/cm2 
Single Tube 12 9 7 
Double Tubes 27 21 16 
Triple Tubes 46 35 28 
 
The penetration time through the wall of tube(s) decreases with the increasing 
current density due to the accelerated mass loss rate. More number of tubes needs longer 
time for penetration. Since the mass loss of the outer tube will continue consuming current 
after it was penetrated locally, the total penetration time through the wall of the inner tube 
is not proportional to the number of tubes. The total mass loss of each tube and rebar after 
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penetration was measured and compared in Table 6.5 with the calculated value by 
multiplying the penetration time and the mass loss rate.  
 

























300 24.1 23.6 2.1% 3.2 3.0 6.3% 
400 24.5 23.4 4.5% 3.1 2.9 6.5% 
500 25.7 23.8 7.4% 2.8 3.0 7.1% 
Double  
Tubes 
300 35.1 32.4 7.7% 6.3 6.7 6.3% 
400 35.3 33.5 5.1% 6.5 7.0 7.7% 
500 32.4 33.6 3.7% 6.2 6.8 9.7% 
Triple  
Tubes 
300 46.5 44.5 4.3% 11.9 11.3 5.0% 
400 46.9 44.3 5.5% 12.4 11.7 5.6% 
500 42.1 43.9 4.3% 11.3 11.9 5.3% 
 
For each tube combination, the total mass loss of the tube and rebar changes little 
with the current density. Compared to the single tube, the double tubes and triple tubes 
have more mass loss after penetration since the outer tube continues losing mass after local 
penetration. The corresponding mass loss of the rebar is larger than that of the single tube 
due to the longer penetration time. The mass loss rate of the tube and rebar can be used to 
calculate the total mass loss with a maximum error of 7.7% for steel tube and 9.7% for 
rebar. 
6.6.3. Mass Loss of The Inner Tube After the Outer Tube Penetration. Since 
the penetration time of the inner tube for the double and triple tubes combination is longer 
than that for the single tube, the corrosion process of the inner tube after the outer tube 
penetration needs to be investigated further. Tube B was first inserted into Tube A, and 
both were sealed at two ends with plastic membrane. The accelerated corrosion test was 
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conducted as done in the previous section. After Tube A’s penetration, the corrosion test 
continued, and the mass loss of Tube B was measured every day. At the same time, a single 
Tube B was tested and measured using the same current density for comparison. Figure 
6.13 compares the corrosion rates of the single Tube B and the Tube B inside the penetrated 
Tube A under various current densities. The corrosion rate of the single Tube B was just 
the same as previously presented in Figure 6.11. However, for the Tube B inside the 
penetrated Tube A, its corrosion rate was less than that of the single tube at the beginning 
and increased over time. By the time of penetration, the corrosion rate was larger than that 
of the single tube. This is due to the influence of the outer Tube A. After the penetration of 
outer Tube A, the electrolyte started to contact the inner Tube B and thus its corrosion 
process began. However, since the outer Tube A was still connected to the circuit and the 
contact area doubled due to penetration, a relatively higher amount of current was 
consumed by the outer tube. Therefore, the corrosion rate of the inner tube was smaller 
compared to the single tube test result. As the corrosion process continued, the penetration 
area of the outer tube increased, which not only reduced the contact resistance between 
each tube but also increased the contact area of the inner tube. Thus, the corrosion rate of 
the inner tube increased with time. Eventually, the outer tube was corroded into smaller 
pieces. Since the total current applied was not changed, the current density on the inner 
tube would be larger than that of the single tube test. Therefore, at the last stage of the test, 
the corrosion rate of the inner tube in the double tube test was higher than that of the single 
tube test. Nevertheless, since the outer tube was fully corroded in the last stage, the average 
corrosion rate of the inner tube was less than the single tube test. Thus, it costed more time 




Figure 6.13 Mass loss rates of the single Tube B and the Tube B in Tube A with a current 
density of (a) 300, (b) 400 and (c) 500 µA/cm2 
 
6.6.4. Accelerated Corrosion Test of The Integrated Sensor. Once the 
calibration of the mass loss and penetration time is done, the long-term corrosion test for 
the integrated sensor can be conducted to validate its service life, accuracy and reliability. 
As shown in Figure 6.14(a), three Fe-C coated LPFG corrosion sensors (LPFG 1,2 and 3) 
were deployed inside each steel tube, and both the sensors and tubes were sealed with 
marine epoxy at two ends. Figure 6.14(b) shows the assembled sensor prior to corrosion 
testing. The sensor was fixed on the rebar with Kapton tape so that the mass loss of the 
rebar can still be measured everyday by disassembling the sensor from the rebar. The rebar 
is 16 mm in diameter and 20 cm in length. The entire sample was immersed into 3.5 w.t % 
NaCl solution. The corrosion process of the entire sensor started from the outside Tube A 
to the stabilization of the inner LPFG 3. Two types of current density profiles were applied 
for the accelerated corrosion test. To simulate a stable corrosion environment, a constant 
current density of 500 µA/cm2 was applied on the sensor until the inner LPFG 3 was 
stabilized. To simulate the change of corrosion circumstances, the current density applied 
on the sample was set to 300 µA/cm2 before LPFG 1 was stabilized, then increased to 400 
µA/cm2 before LPFG 2 was stabilized and finally increased to 500 µA/cm2 before the 
LPFG 3 was stabilized. Transmission spectra of the LPFG sensor were recorded every two 
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hours. Once the outer steel tube was penetrated, the inner Fe-C coated LPFG corrosion 
sensor started to monitor the mass loss rate at each critical stage. 
 
 
Figure 6.14 Validation test setup of the integrated sensors: (a) schematic illustration of 
the sensor section and (b) assembled sensor on rebar prior to corrosion test 
 
6.6.4.1.  Constant current density test. As shown in Figure 6.15, the accumulated 
resonant wavelength shifts of the three LPFG sensors (1, 2 and 3) can be divided into three 
parts. Before the penetration of each tube, the inner LPFG sensor has no wavelength shift. 
After penetration, each LPFG sensor started to work about two days. The penetration times 
of the steel tubes are 7, 16 and 29 days, respectively. 
 
 




For the outer Tube A, the total mass loss at penetration is 24.8% from the calibration 
result. Since the current density is constant, the average mass loss rate can be calculated by 
dividing the total mass loss by the penetration time, which is 3.5% per day. The mass loss 
rate of the rebar can be obtained using Equation (6.4). Thus, the total mass loss of the rebar 
can be estimated by multiplying its mass loss rate and penetration time. A similar procedure 
can be applied to the penetration of Tubes B and C by using the total mass loss of the 
double and the triple tubes from the calibration results. The estimated and measured mass 
loss of the rebar at each tube penetration are compared in Table 6.6. The estimation of the 
mass loss and rate is accurate with a maximum error of 8.8%. 
 
Table 6.6 Comparison of the estimated and measured mass loss and rate of the rebar 



















Tube A 0.44 0.48 8.3% 3.1 3.4 8.8% 
Tube B 0.43 0.46 6.5% 6.9 7.4 6.8% 
Tube C 0.42 0.46 8.7% 12.2 13.3 8.3% 
 
The resonant wavelength shift over time for each LPFG corrosion sensor can be 
obtained from the transmission spectra as presented in Figure 6.16. This relation is nearly 
linear as consistently observed from all three LPFG sensors. The service life of the sensor 
was reduced to about 16 hrs due to the 500 µA/cm2 current density. Combining with the 
correlation between the wavelength shift and mass loss of the Fe-C layer introduced in 
Section 4, the mass loss of the Fe-C layer over time can be derived. Since the total corrosion 
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time of each sensor was 16 hrs, the average mass loss rate of each Fe-C layer was about 
6.3% per hour. 
 
 
Figure 6.16 Resonant wavelength shifts over time of (a) LPFG 1, (b) LPFG 2 and (c) 
LPFG 3 sensors under a constant current density (500 µA/cm2) 
 
6.6.4.2.  Varying current density test. Figure 6.17 shows the accumulated 
resonant wavelength shift of the three LPFG corrosion sensors over the entire lifecycle of 
the integrated sensor under a varying current density. The three tubes were penetrated at 
12, 25 and 38 days, respectively. Since the current density is not constant, the mass loss 
rate cannot be obtained and used to estimate the rebar mass loss. However, the total mass 
loss of the rebar can still be estimated from the calibration results since at the penetration 
time of each tube, the total mass loss of the rebar was not affected by the current density 
and remained at the same level. As listed in Table 6.7, compared to the measured mass loss, 
the estimation is still accurate with a maximum error of 9.1%. 
Similar to the constant current density test, the resonant wavelength shift of each 
LPFG sensor can be obtained over time, as shown in Figure 6.18. Once again, the 
wavelength shift increases linearly with the test time before the Fe-C layer is completely 
corroded away. The service lives of the three sensors were about 24, 20 and 18 hrs due to 
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variation of the current density. The average mass loss rates of each Fe-C layer are listed 




Figure 6.17 Accumulated resonant wavelength shift over time under a varying current 
density 
 
Table 6.7 Comparison of the estimated and measured mass loss of the rebar under a 










Tube A 3.0 3.3 9.1% 
Tube B 6.3 6.8 7.4% 




Figure 6.18 Resonant wavelength shifts over time of (a) LPFG 1, (b) LPFG 2 and (c) 
LPFG 3 sensors under a varying current density 
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Table 6.8 Average mass loss rate of the Fe-C layer on each LPFG sensor 
Sensor LPFG 1 LPFG 2 LPFG 3 
Mass Loss Rate 
(%/hr) 4.2 5.0 5.6 
 
6.7.  SUMMARY 
In this section, an integrated sensor with three steel tubes extracted from rebar, three 
Fe-C coated LPFG sensors in LP06 mode, and two LPFG sensors in LP06 and LP07 modes 
is designed and characterized. Based on the test data and analysis, several conclusions can 
be drawn: 
1. Two LPFG sensors in LP06 and LP07 modes can be used in combination for 
simultaneous measurement of strain and temperature with high accuracy since 
they have dissimilar sensitivity coefficients. In other words, the accumulated 
wavelength shift due to strain and temperature changes can be decoupled. 
2. The mass losses of the rebar and the steel tube have been calibrated. Their 
correlation is not affected by the current density and the rebar length used 
during testing. For a constant current density, the mass loss rate of the rebar can 
be represented by the steel tube mass loss rate using the regression equation. 
3. For constant current density corrosion tests, the mass loss and its rate of the 
rebar can be estimated from the steel tube penetration time and the total mass 
loss after penetration. The Fe-C coated LPFG corrosion sensor can monitor its 
own mass loss rate when exposed to a corrosion environment. 
4. For tests with a varying current density, the mass loss rate of the rebar cannot 
be obtained since the penetration time of each tube does not match the calibrated 
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time. However, the total mass loss of the rebar can still be estimated accurately. 
The LPFG corrosion sensor can provide the information on the change in 




7.1. SUMMARY OF THE MAJOR FINDINGS 
In this dissertation, an integrated optic fiber based sensor with laser aided 
manufacturing and nano materials coating was studied systematically. First, a CO2 laser 
grating system was designed and assembled for the fabrication of long period fiber gratings 
(LPFG). The wave and couple mode theory was introduced to explain the operational 
principle of the LPFG. In particular, two linear polarization (LP) modes, LP06 and LP07, 
were fabricated with different sensitivities for potential dual-parameter discrimination 
from one set of gratings in a single LPFG sensor. Second, to increase the sensitivity and 
service life of a Fe-C coated LPFG corrosion sensor, a thin composite film of graphene and 
silver nanowires was synthesized using a low pressure chemical vapor deposition (LPCVD) 
system, which was specially designed and assembled as part of this study. The nano 
composite film was characterized for the optimization of sensor designs. An ultrasensitive 
corrosion sensor for mass loss measurement based on the Fe-C layer electroplated on the 
Gr/AgNW coated LPFG was proposed, designed and tested. Calibration of the Fe-C coated 
LPFG sensor was also conducted under various strain levels for future in-situ applications. 
Finally, an integrated sensor of multiple LPFG sensors with their steel tube protection and 
extension to evaluate the critical corrosion thresholds of steel structures were illustrated 
and validated for strain, temperature and long-term corrosion monitoring. Both constant 
and varied accelerated corrosion test have been conducted. 
Based on the extensive experiments and data analyses, the following main 
conclusions can be drawn: 
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1. The CO2 laser grating system can fabricate the LP06 mode LPFG sensor with a 
grating period of 351 µm or the LP07 mode LPFG sensor with a grating period 
of 301 µm to achieve a resonant wavelength of 1550 nm. The LPFG sensor can 
be used for strain, temperature and refractive index sensing. Depending on the 
laser source power and bandwidth of an interrogator, up to five LPFG sensors 
can be connected in series or multiplexed for multi-parameter measurements at 
discrete points using an optical spectrum analyzer (e.g., AQ6370C from 
Yokogawa). 
2. As-grown monolayer graphene can be synthesized on a copper foil using the 
LPCVD system. The graphene layer can be transferred in wet condition via a 
PMMA film onto a target substrate. It can be strengthened by silver nanowires 
for improved mechanical strength and electrical conductivity. The proposed 
vacuum annealing method proved effective to synthesize a suspended 
Gr/AgNW/Gr film on the TEM grid for property characterization. The optical 
transmittance and sheet resistance of the thin film decreased significantly and 
the stiffness of the film increased 4.6 times after the AgNW concentration 
exceeds 0.6 mg/mL. Based on these characterization test results, 0.4 mg/mL 
AgNW was recommended for sensor fabrication. 
3. The Gr/AgNW layer can be effectively adhered onto the curve surface of a 
LPFG sensor under the atmospheric pressure on the vacuum space created 
around the sensor. A Fe-C layer can then be electroplated robustly on the 
Gr/AgNW coated LPFG sensor for ultrasensitive corrosion induced mass loss 
sensing. Compared to the silver-based sensor, the Gr/AgNW-based sensor 
  
114
increased sensitivity by 1.9 times in Stage I and 7.2 times in Stage II due to its 
high optical transparency. The service life was also increased by 2.1 times. 
4. To investigate the effect of strain-induced cracks on the sensor performance, 
the Fe-C coated LPFG corrosion sensor was tested under three strain levels: 
500, 1000 and 1500 µε. The transverse cracks appeared first. They were 
widened twice as the strain level increased from 500 to 1500 µε. However, the 
spacing of two adjacent transverse cracks decreased by less than 15%. At 1000 
µε, longitudinal and inclined cracks started to emerge due to uneven bonding 
(shear strength) between the Fe-C layer and the fiber surface. They became 
significantly longer as the strain level increased from 1000 to 1500 µε. However, 
the width of the longitudinal and inclined cracks changed little. For corrosion 
monitoring, the strain-induced cracks on the Fe-C layer provided paths for the 
NaCl solution to seep into the surface of the LPFG sensor and thus cause the 
resonant wavelength shift more rapidly. The calibration factor between the 
resonant wavelength and the Fe-C mass loss, which was established at zero 
strain, must be modified to take into account the strain effect. The modified 
calibration factor was validated with a maximum of 2.7% for mass loss 
estimation. 
5. The integrated sensor with three steel tubes and five LPFG sensors placed inside 
the tubes is rugged for field applications and effective for both long-term and 
short-term corrosion monitoring. Two LPFG sensors in LP06 and LP07 modes, 
deployed inside the inner steel tube, can be used for simultaneous strain and 
temperature compensation with high accuracy during short-term corrosion 
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monitoring. The other three LPFG sensors with Fe-C coating can effectively 
measure the short-term corrosion rate of the Fe-C layer once in direct contact 
with the NaCl solution. The mass loss of steel tubes is successfully correlated 
with that of a piece of steel rebar. For the double or triple tubes setup, the 
corrosion rate of the inner tube is smaller than the single tube setup at the 
beginning of outer tube penetration. This is because that both sides of the tube 
wall are connected to the electrolyte after penetration of the outer tube and thus 
consume a relatively higher amount of the current. However, as the outer tube 
continues to corrode, it will eventually disconnect with the inner tube, gradually 
increasing the corrosion rate of the inner tube. Based on the accelerated 
corrosion test under a constant current density, the mass loss rate of a steel tube 
can be derived from its wall thickness and the time to full penetration of the 
wall. The total mass loss and rate of the rebar near the steel tube can then be 
obtained from their correlation factor and the calibration factor between the Fe-
C mass loss and the resonant wavelength shift. When the current density varies 
during the accelerated corrosion test, the mass loss rate of the steel tube cannot 
be acquired but the total mass loss of the rebar can still be estimated with high 
accuracy from the wall thickness of the steel tube. The Fe-C coated LPFG 
sensor provided the mass loss rate at each stage of corrosion. 
7.2. FUTURE WORK 
Although the proposed integrated sensor has proven advantageous over traditional 
methods for in-situ application and sensor optimization, several improvements can be made: 
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1. Due to the limitation of the CO2 laser and beam delivery system, the width of 
the beam shape cannot be refined further. Thus, higher LP mode LPFG sensors 
cannot be fabricated from the system. Other techniques can be utilized for 
higher LP mode fabrication to increase the sensitivity of LPFG sensors. 
2. Even though the graphene layer is ultra-thin and conductive, the grain boundary 
on the copper foil induced by recrystallization at high temperature undermines 
its conductivity and strength. Doping AgNW is time consuming, which is 
difficult to control in fiber distribution quality. Developing a more conductive 
transparent film can further enhance the quality of Fe-C coating and the 
robustness of Fe-C coated LPFG sensing. 
3. Since a bare LPFG sensor can withstand high temperature [95], the Fe-C coated 
LPFG sensor could be a potential option for high temperature corrosion 
monitoring [65, 96–98]. However, calibration tests cannot be done to obtain the 
mass loss from the wavelength shift of the sensor due to the lack of electrolyte 
that works at high temperature during the EIS tests in need. 
4. For long-term corrosion monitoring, the integrated sensor must be further tested 
and validated in a natural corrosion environment such as steel reinforcement in 
concrete or steel members in application. The slow natural corrosion process 
could take years or decades to complete an evaluation of the proposed sensor. 
5. Correlation between the accelerated corrosion and the natural corrosion is yet 
to be studied. Such a correlation, if done properly, would improve the corrosion 
research substantially since most related cutting-edge techniques are tested in 




[1] Y. Chen, F. Tang, Y. Bao, G. Chen, and Y. Tang, "Corrosion monitoring of steel 
bar in mortar using Fe-C coated long-period fiber gratings," NACE - International 
Corrosion Conference Series 2015-January , 2015. 
[2] Z. Panossian, N. L. de Almeida, R. M. F. de Sousa, G. de Souza Pimenta, and L. B. 
S. Marques, "Corrosion of carbon steel pipes and tanks by concentrated sulfuric 
acid: a review," Corrosion Science 58, pp. 1–11, 2012. 
[3] A. Zaki, H. K. Chai, D. G. Aggelis, and N. Alver, "Non-destructive evaluation for 
corrosion monitoring in concrete: A review and capability of acoustic emission 
technique," Sensors (Switzerland) 15(8), pp. 19069–19101, 2015. 
[4] S. A. Bin Idris, F. A. Jafar, and N. Abdullah, "Study on corrosion features analysis 
for visual inspection & monitoring system: An NDT technique," Jurnal Teknologi 
77(21), pp. 59–65, 2015. 
[5] F. Bonnin-Pascual and A. Ortiz, "Corrosion Detection for Automated Visual 
Inspection," Developments in Corrosion Protection , 2014. 
[6] R. Figueira, "Electrochemical Sensors for Monitoring the Corrosion Conditions of 
Reinforced Concrete Structures: A Review," Applied Sciences 7(11), pp. 1157, 
2017. 
[7] L. Deng and C. S. Cai, "Applications of fiber optic sensors in civil engineering," 
Structural Engineering and Mechanics 25(5), pp. 577–596, 2007. 
[8] K. R. Cooper, J. Elster, M. Jones, and R. G. Kelly, "Optical fiber-based corrosion 
sensor systems for health monitoring of aging aircraft BT - Autotestcom 2001, 
August 20, 2001 - August 23, 2001," pp. 847–856, 2001. 
[9] M. Moniruzzaman and J. Rock, "Azobenzene-Based Gel Coated Fibre Bragg 
Grating Sensor for Moisture Measurement," International Journal of Polymer 
Science 2016, 2016. 
[10] J. R. Casas and D. M. Frangopol, "Monitoring and reliability management of 
deteriorating concrete bridges," in Proc., II International Workshop on Life-Cycle 
Cost Analysis and Design of Civil Infrastructure Systems (2001), pp. 127–141. 
[11] M. Maalej, S. F. U. Ahmed, K. S. C. Kuang, and P. Paramasivam, "Fiber Optic 
Sensing for Monitoring Corrosion-Induced Damage," Structural Health Monitoring 
3(2), pp. 165–176, 2004. 
  
118
[12] X. Zhao, P. Gong, G. Qiao, J. Lu, X. Lv, and J. Ou, "Brillouin corrosion expansion 
sensors for steel reinforced concrete structures using a fiber optic coil winding 
method," Sensors 11(11), pp. 10798–10819, 2011. 
[13] Y. Huang, Z. Gao, G. Chen, and H. Xiao, "Long period fiber grating sensors coated 
with nano iron/silica particles for corrosion monitoring," Smart Materials and 
Structures 22(7) , 2013. 
[14] Y. Chen, F. Tang, Y. Bao, Y. Tang, and G. Chen, "A Fe-C coated long-period fiber 
grating sensor for corrosion-induced mass loss measurement," Optics Letters 
41(10), pp. 2306–2309, 2016. 
[15] V. Bhatia and A. M. Vengsarkar, "Optical fiber long-period grating sensors," Optics 
Letters 21(9), pp. 692–694, 1996. 
[16] A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins, V. Bhatia, T. Erdogan, and J. E. 
Sipe, "Long-period fiber gratings as band-rejection filters," Journal of Lightwave 
Technology 14(1), pp. 58–64, 1996. 
[17] K. Okamoto, Fundamentals of Optical Waveguides (Academic press, 2006). 
[18] J. A. Stratton, Electromagnetic Theory (John Wiley & Sons, 2007). 
[19] M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, 
Interference and Diffraction of Light (Elsevier, 2013). 
[20] D. Marcuse, Theory of Dielectric Optical Waveguides (Elsevier, 2013). 
[21] D. Marcuse, "Light transmission optics,", 1972. 
[22] T. Erdogan, "Cladding-mode resonances in short-and long-period fiber grating 
filters," JOSA A 14(8), pp. 1760–1773, 1997. 
[23] D. Gloge, "Weakly guiding fibers," Applied Optics 10(10), pp. 2252–2258, 1971. 
[24] T. Erdogan, "Fiber grating spectra," Journal of lightwave technology 15(8), pp. 
1277–1294, 1997. 
[25] E. Peral and J. Capmany, "Generalized Bloch wave analysis for fiber and waveguide 
gratings," Journal of lightwave technology 15(8), pp. 1295–1302, 1997. 
[26] A. V. Hine, X. Chen, M. D. Hughes, K. Zhou, E. Davies, K. Sugden, I. Bennion, 
and L. Zhang, "Optical fibre-based detection of DNA hybridization," Biochemical 
Society Transactions 37(2), pp. 445–449, 2009. 
  
119
[27] J. M. P. Coelho, M. Nespereira, C. Silva, D. Pereira, and J. Rebordo, "Advances in 
Optical Fiber Laser Micromachining for Sensors Development," Current 
Developments in Optical Fiber Technology , 2013. 
[28] S. W. James and R. P. Tatam, "Optical fibre long-period grating sensors: 
Characteristics and application," Measurement Science and Technology 14(5), , 
2003. 
[29] A. Urrutia, J. Goicoechea, A. L. Ricchiuti, D. Barrera, S. Sales, and F. J. Arregui, 
"Simultaneous measurement of humidity and temperature based on a partially 
coated optical fiber long period grating," Sensors and Actuators, B: Chemical 227, 
pp. 135–141, 2016. 
[30] A. Singh, D. Engles, A. Sharma, and M. Singh, "Temperature sensitivity of long 
period fiber grating in SMF-28 fiber," Optik 125(1), pp. 457–460, 2014. 
[31] L. Coelho, D. Viegas, J. L. Santos, and J. M. M. M. M. M. De Almeida, 
"Characterization of zinc oxide coated optical fiber long period gratings with 
improved refractive index sensing properties," Sensors and Actuators, B: Chemical 
223, pp. 45–51, 2016. 
[32] F. Tang, Y. Chen, Z. Li, Y. Tang, and G. Chen, "Application of Fe-C coated LPFG 
sensor for early stage corrosion monitoring of steel bar in RC structures," 
Construction and Building Materials 175, pp. 14–25, 2018. 
[33] T. Guo, Á. González-Vila, M. Loyez, and C. Caucheteur, "Plasmonic optical fiber-
grating Immunosensing: A review," Sensors (Switzerland) 17(12), pp. 1–20, 2017. 
[34] J. L. Tang and J. N. Wang, "Measurement of chloride-ion concentration with long-
period grating technology," Smart Materials and Structures 16(3), pp. 665–672, 
2007. 
[35] L. Coelho, J. L. Santos, D. Viegas, and J. M. M. M. de Almeida, "Fabrication and 
Characterization of Metal Oxide-Coated Long-Period Fiber Gratings," Journal of 
Lightwave Technology 34(10), pp. 2533–2539, 2016. 
[36] M. N. Ng and K. S. Chiang, "Thermal effects on the transmission spectra of long-
period fiber gratings," Optics Communications 208(4–6), pp. 321–327, 2002. 
[37] X. Shu, L. Zhang, and I. Bennion, "Sensitivity characteristics of long-period fiber 
gratings," Journal of Lightwave Technology 20(2), pp. 255–266, 2002. 
[38] X. Shu, L. Zhang, and I. Bennion, "Sensitivity characteristics near the dispersion 
turning points of long-period fiber gratings in B/Ge codoped fiber," Optics letters 
26(22), pp. 1755–1757, 2001. 
  
120
[39] T. W. MacDougall, S. Pilevar, C. W. Haggans, and M. A. Jackson, "Generalized 
expression for the growth of long period gratings," IEEE Photonics Technology 
Letters 10(10), pp. 1449–1451, 1998. 
[40] V. Grubsky and J. Feinberg, "Long-period fiber gratings with variable coupling for 
real-time sensing applications," Optics Letters 25(4), pp. 203–205, 2000. 
[41] Y. R. Lee, H. Kwon, D. H. Lee, and B. Y. Lee, "Highly flexible and transparent 
dielectric elastomer actuators using silver nanowire and carbon nanotube hybrid 
electrodes," Soft Matter 13(37), pp. 6390–6395, 2017. 
[42] C. Christianson, N. N. Goldberg, D. D. Deheyn, S. Cai, and M. T. Tolley, 
"Translucent soft robots driven by frameless fluid electrode dielectric elastomer 
actuators," Science Robotics 3(17), 2018. 
[43] C.-L. Kim, C.-W. Jung, Y.-J. Oh, and D.-E. Kim, "A highly flexible transparent 
conductive electrode based on nanomaterials," NPG Asia Materials 9(10), pp. e438, 
2017. 
[44] H. G. Im, J. Jin, J. H. Ko, J. Y. J. Lee, J. Y. J. Lee, and B. S. Bae, "Flexible 
transparent conducting composite films using a monolithically embedded AgNW 
electrode with robust performance stability," Nanoscale 6(2), pp. 711–715, 2014. 
[45] D. Lee, H. Lee, Y. Ahn, and Y. Lee, "High-performance flexible transparent 
conductive film based on graphene/AgNW/graphene sandwich structure," Carbon 
81(1), pp. 439–446, 2015. 
[46] L. Hu, H. S. Kim, J. Lee, P. Peumans, and Y. Cui, "Scalable Coating and Properties 
of transparent Ag nanowire," ACS nano 4(5), pp. 2955–2963, 2010. 
[47] Y. Xu, Y. Wang, J. Liang, Y. Huang, Y. Ma, X. Wan, and Y. Chen, "A hybrid 
material of graphene and poly (3,4-ethyldioxythiophene) with high conductivity, 
flexibility, and transparency," Nano Research 2(4), pp. 343–348, 2009. 
[48] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V Khotkevich, S. V Morozov, 
and A. K. Geim, "Two-dimensional atomic crystals," Proceedings of the National 
Academy of Sciences 102(30), pp. 10451–10453, 2005. 
[49] K. S. Novoselov, A. K. Geim, Sv. Morozov, D. Jiang, M. I. Katsnelson, Iv. 
Grigorieva, Sv. Dubonos, and  and A. A. Firsov, "Two-dimensional gas of massless 
Dirac fermions in graphene," nature 438(7065), pp. 197, 2005. 




[51] A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S. 
Piscanec, D. Jiang, K. S. Novoselov, and S. Roth, "Raman spectrum of graphene 
and graphene layers," Physical review letters 97(18), pp. 187401, 2006. 
[52] G. A. Ferrari, A. B. De Oliveira, I. Silvestre, M. J. S. S. Matos, R. J. C. C. Batista, 
T. F. D. D. Fernandes, L. M. Meireles, G. S. N. N. Eliel, H. Chacham, B. R. A. A. 
Neves, and R. G. Lacerda, "Apparent Softening of Wet Graphene Membranes on a 
Microfluidic Platform," ACS Nano 12(5), pp. 4312–4320, 2018. 
[53] J. Shintake, S. Rosset, B. Schubert, D. Floreano, and H. Shea, "Versatile Soft 
Grippers with Intrinsic Electroadhesion Based on Multifunctional Polymer 
Actuators," Advanced Materials 28(2), pp. 231–238, 2016. 
[54] J. A. Rogers, T. Someya, and Y. Huang, "Materials and mechanics for stretchable 
electronics," Science 327(5973), pp. 1603–1607, 2010. 
[55] S. Shian, R. M. Diebold, and D. R. Clarke, "Tunable lenses using transparent 
dielectric elastomer actuators," Optics Express 21(7), pp. 8669–8676, 2013. 
[56] J. Shintake, "Functional Soft Robotic Actuators Based on Dielectric Elastomers," 
EPFL (2016). 
[57] D. Veysset, A. J. Hsieh, S. Kooi, A. A. Maznev, K. A. Masser, and K. A. Nelson, 
"Dynamics of supersonic microparticle impact on elastomers revealed by real-time 
multi-frame imaging," Scientific Reports 6(May), pp. 1–6, 2016. 
[58] G. Giaouris, E., Chorianopoulos, N., Skandamis, P. y Nychas, "Dielectric Elastomer 
Sensors," in Open Science/Open Minds (2012), p. 450. 
[59] K. S. K. S. K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. K. S. K. S. 
Kim, J. H. Ahn, P. Kim, J. Y. Choi, and B. H. Hong, "Large-scale pattern growth of 
graphene films for stretchable transparent electrodes," Nature 457(7230), pp. 706–
710, 2009. 
[60] C. Mattevi, H. Kim, and M. Chhowalla, "A review of chemical vapour deposition 
of graphene on copper," Journal of Materials Chemistry 21(10), pp. 3324–3334, 
2011. 
[61] W. Guo, B. Wu, S. Wang, and Y. Liu, "Controlling Fundamental Fluctuations for 






[62] N. Wei, L. Yu, Z. Sun, Y. Song, M. Wang, Z. Tian, Y. Xia, J. Cai, Y. Li, L. Zhao, 
Q. Li, M. H. Rümmeli, J. Sun, and Z. Liu, "Scalable Salt-Templated Synthesis of 
Nitrogen-Doped Graphene Nanosheets toward Printable Energy Storage," ACS 
Nano pp. acsnano.9b03157, 2019. 
[63] Z. Chen, Y. Qi, X. Chen, Y. Zhang, and Z. Liu, "Direct CVD Growth of Graphene 
on Traditional Glass: Methods and Mechanisms," Advanced Materials 1803639, pp. 
1803639, 2018. 
[64] D. X. Luong, K. Yang, J. Yoon, S. P. Singh, T. Wang, C. J. Arnusch, and J. M. Tour, 
"Laser-Induced Graphene Composites as Multifunctional Surfaces," ACS Nano 13, 
pp. 2579–2586, 2019. 
[65] B. J. Park, J. S. Choi, J. H. Eom, H. Ha, H. Y. Kim, S. Lee, H. Shin, and S. G. Yoon, 
"Defect-Free Graphene Synthesized Directly at 150 °c via Chemical Vapor 
Deposition with No Transfer," ACS Nano 12(2), pp. 2008–2016, 2018. 
[66] T. Hwang, J. S. Oh, J. P. Hong, G. Y. Nam, A. H. Bae, S. I. Son, G. H. Lee, H. K. 
Sung, Y. Lee, and J. Do Nam, "One-step metal electroplating and patterning on a 
plastic substrate using an electrically-conductive layer of few-layer graphene," 
Carbon 50(2), pp. 612–621, 2012. 
[67] X. Li, W. Cai, I. Jung, J. An, D. Yang, A. Velamakanni, R. Piner, L. Colombo, and 
R. S. Duoff, "Synthesis, Characterization, and Properties of Large-Area Graphene 
Films," ECS Transactions 19(5), pp. 41–52, 2009. 
[68] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, and R. Piner, "Large-area synthesis 
of high-quality and uniform graphene films on copper foils," Science 324(June), pp. 
1312–1314, 2009. 
[69] J. H. Lee, P. E. Loya, J. Lou, and E. L. Thomas, "Dynamic mechanical behavior of 
multilayer graphene via supersonic projectile penetration," Science 346(6213), pp. 
1092–1096, 2014. 
[70] C. Guo, L. Fan, C. Wu, G. Chen, and W. Li, "Ultrasensitive LPFG corrosion sensor 
with Fe-C coating electroplated on a Gr/AgNW film," Sensors and Actuators, B: 
Chemical 283, pp. 334–342, 2019. 
[71] D. H. Seo, S. Pineda, J. Fang, Y. Gozukara, S. Yick, A. Bendavid, S. K. H. Lam, A. 
T. Murdock, A. B. Murphy, Z. J. Han, and K. K. Ostrikov, "Single-step ambient-air 
synthesis of graphene from renewable precursors as electrochemical genosensor," 




[72] J. Kotakoski and J. C. Meyer, "Mechanical properties of polycrystalline graphene 
based on a realistic atomistic model," Physical Review B - Condensed Matter and 
Materials Physics 85(19), pp. 1–6, 2012. 
[73] T. Kim, A. Canlier, G. H. Kim, J. Choi, M. Park, and S. M. Han, "Electrostatic spray 
deposition of highly transparent silver nanowire electrode on flexible substrate," 
ACS Applied Materials and Interfaces 5(3), pp. 788–794, 2013. 
[74] S. Xu, B. Man, S. Jiang, M. Liu, C. Yang, C. Chen, and C. Zhang, "Graphene–silver 
nanowire hybrid films as electrodes for transparent and flexible loudspeakers," 
CrystEngComm 16(17), pp. 3532–3539, 2014. 
[75] J. Chen, H. Bi, S. Sun, Y. Tang, W. Zhao, T. Lin, D. Wan, F. Huang, X. Zhou, X. 
Xie, and M. Jiang, "Highly Conductive and Flexible Paper of 1D Silver-Nanowire-
Doped Graphene," ACS Applied Materials & Interfaces 5(4), pp. 1408–1413, 2013. 
[76] R. Chen, S. R. Das, C. Jeong, M. R. Khan, D. B. Janes, and M. A. Alam, "Co‐
Percolating Graphene‐Wrapped Silver Nanowire Network for High Performance, 
Highly Stable, Transparent Conducting Electrodes," Advanced Functional Materials 
23(41), pp. 5150–5158, 2013. 
[77] D. Lee, H. Lee, Y. Ahn, Y. Jeong, D.-Y. Lee, and Y. Lee, "Highly stable and flexible 
silver nanowire–graphene hybrid transparent conducting electrodes for emerging 
optoelectronic devices," Nanoscale 5(17), pp. 7750–7755, 2013. 
[78] H. Xin, R. Borduin, W. Jiang, K. M. Liechti, and W. Li, "Adhesion energy of as-
grown graphene on copper foil with a blister test," Carbon 123, pp. 243–249, 2017. 
[79] K. K. Kim, A. Reina, Y. Shi, H. Park, L. J. Li, Y. H. Lee, and J. Kong, "Enhancing 
the conductivity of transparent graphene films via doping," Nanotechnology 21(28), 
2010. 
[80] Y.-M. Chen, S.-M. He, C.-H. Huang, C.-C. Huang, W.-P. Shih, C.-L. Chu, J. Kong, 
J. Li, and C.-Y. Su, "Ultra-large suspended graphene as a highly elastic membrane 
for capacitive pressure sensors," Nanoscale 8(6), pp. 3555–3564, 2016. 
[81] X. Li, Y. Zhu, W. Cai, M. Borysiak, B. Han, D. Chen, R. D. Piner, L. Colombo, and 
R. S. Ruoff, "Transfer of Large-Area Graphene Films for High-Performance 
Transparent Conductive Electrodes," Nano Lett. 9(12), pp. 4359–4363, 2009. 
[82] J. W. Suk, A. Kitt, C. W. Magnuson, Y. Hao, S. Ahmed, J. An, A. K. Swan, B. B. 
Goldberg, and R. S. Ruoff, "Transfer of CVD-grown monolayer graphene onto 




[83] R. Hou, Z. Ghassemlooy, A. Hassan, C. Lu, and K. P. Dowker, "Modelling of long-
period fibre grating response to refractive index higher than that of cladding," 
Measurement Science and Technology 12(10), pp. 1709–1713, 2001. 
[84] Y. Chen, F. Tang, Y. Tang, M. J. O’Keefe, and G. Chen, "Mechanism and sensitivity 
of Fe-C coated long period fiber grating sensors for steel corrosion monitoring of 
RC structures," Corrosion Science 127, pp. 70–81, 2017. 
[85] M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, and R. Saito, 
"Perspectives on carbon nanotubes and graphene Raman spectroscopy," Nano letters 
10(3), pp. 751–758, 2010. 
[86] L. Fan, F. Tang, S. T. Reis, G. Chen, and M. L. Koenigstein, "Corrosion resistances 
of steel pipes internally coated with enamel," Corrosion 73(11), pp. 1335–1345, 
2017. 
[87] Y. Huang, T. Wei, Z. Zhou, Y. Zhang, G. Chen, and H. Xiao, "An extrinsic Fabry-
Perot interferometer-based large strain sensor with high resolution," Measurement 
Science and Technology 21(10), 2010. 
[88] Y.-J. Rao, "Recent Advances in Fiber Optic EFPI Sensors and Their Use in 
Structural Health Monitoring," in Optical Fiber Sensors, OSA Technical Digest 
(CD) (Optical Society of America, 2006), p. MD5. 
[89] S. Pevec and D. Donlagic, "Multiparameter fiber-optic sensors : a review," Optical 
Engineering 58(7), pp. 072009, 2019. 
[90] Z. Li, X. Yang, D. A. Czaplewski, L. Stan, and J. Gao, "Wavelength-selective mid-
infrared metamaterial absorbers with multiple tungsten cross resonators," Optics 
Express 26(5), pp. 5616–5631, 2018. 
[91] N. M. Barkoula, B. Alcock, N. O. Cabrera, and T. Peijs, "Fatigue properties of 
highly oriented polypropylene tapes and all-polypropylene composites," Polymers 
and Polymer Composites 16(2), pp. 101–113, 2008. 
[92] Y. Zhao, X. G. Li, X. Zhou, and Y. N. Zhang, "Review on the graphene based optical 
fiber chemical and biological sensors," Sensors and Actuators, B: Chemical 231, pp. 
324–340, 2016. 
[93] X. Wen, T. Ning, Y. Bai, C. Li, J. Li, and C. Zhang, "Ultrasensitive temperature 
fiber sensor based on Fabry-Pérot interferometer assisted with iron V-groove," 




[94] Y. Mizuno, N. Hayashi, H. Tanaka, Y. Wada, and K. Nakamura, "Brillouin 
scattering in multi-core optical fibers for sensing applications," Scientific Reports 5, 
pp. 1–9, 2015. 
[95] J. Wang, B. Dong, E. Lally, J. Gong, M. Han, and A. Wang, "Multiplexed high 
temperature sensing with sapphire fiber air gap-based extrinsic Fabry–Perot 
interferometers," Optics Letters 35(5), pp. 619–621, 2010. 
[96] A. S. Khanna, Introduction to High Temperature Oxidation and Corrosion (ASM 
international, 2002). 
[97] J. Stringer, "High-temperature corrosion of superalloys," Materials Science and 
Technology 3(7), pp. 482–493, 1987. 





Chuanrui Guo was born in Benxi, Liaoning Province, the People’s Republic of 
China. He entered Central South University, Changsha, Hunan, China, in 2006, and 
received his Bachelor of Science degree in Engineering Mechanics in June 2010. He 
continued his study as a graduate student in Civil Engineering at Central South University. 
He received his Master of Science degree in 2014. He was then enrolled in the Ph.D 
Program in the Department of Civil, Architectural, and Environmental Engineering at 
Missouri University of Science and Technology under the supervision of Professor Genda 
Chen. During his Ph.D study, he published four papers in international journals. In 
December 2019, he received his Ph.D degree in Civil Engineering from Missouri 
University of Science and Technology, Rolla, Missouri. 
 
